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FOCUS: OPTIC RESEARCH AT RLE
Fewdevelopments have had a

more profound impact on the waysci-
ence is conducted and on the develop-
ment of newtechnologies than modern

optics. Newareas of chemistry, physics,
and materials science have been cre-
ated by the invention of the laser and
the advent of modern optics. Virtually
no area of science has been left un-
touchedby modern optics.

This impact hasbeen equally dra-
matic on technology. Fiber optics anda

growing legion of optoelectronic de-
vices have revolutionized communica-
tions. Manufacturing andmaterials pro-
cessing are undergoing similar

changes. Lasers and modern optics are
nowpervasive in national programs for

energy, the environment, and national

security.
Optics research involves the basic

science of light generation, trans-
mission, and detection. This research
contributes to the invention of new op-
tical devices (semiconductor lasers, for

example). Optical science encom-

passes both quantum optics (the basic
science of light-matter interaction) and

spectroscopy in its most general sense
(the use of light to study the structure
and dynamics of atoms, molecules, and
materials).

The area ofquantum optics can be
considered a direct product of the laser
revolution. It focuses on the study of

quantum and coherent properties in
the radiation field, and how radiation
can interact with matter. The term

"quantum optics" originally referred to
the physics of laser-generated radi-

ation. Today, it includes the basic quan-
tum mechanics of the radiation field;

atom-cavity effects such as inhibited
emission; and communications and

metrology at the quantum level. All of
these areas involve the interaction of

light waves with matter.

Quantum optics normally involves
coherent states of light. Now, tech-

niques are being developed to prepare
coherent states of atoms for what might
be called the "quantum optics of mat-
ter." Scientists now anticipate the

possibility of conducting "optical" ex-
periments with atomic matter waves in-
stead of optical waves.

The laser itself has had great im-

pact on the field of spectroscopy. Orig-
inally, spectroscopy referred to the sys-
tematic measurement and interpre-
tation of atomic andmolecular spectra.
Today, it is also used in amuch broader
sense. Laser-based methods have in-
creased spectroscopic resolution a mil-
lion-fold, and have opened thewayfor
measurements of incredible sensitivity
and precision. Lasers make it possible
to create and studynewspecies (such
as free radicals, molecular ions, and

Rydberg atoms), to detect them at the

single particle level, to prepare them in

exactly definedquantum states, and to
take "snapshots" that freeze their nucle-
ar motion. Scientists can nowview

spectral lines with the best resolution

possible under the laws of quantum
mechanics, and perform processes that
allow access to otherwise forbidden
states.

Laser spectroscopy also includes

the study of how energy is transferred
from state to state during molecular
collisions; femtosecond studies that

provide atomic "movies" of chemical
reactions; high-precision tests of funda-
mental symmetrics, cavity quantum
electrodynamics (QED), andweak in-
teractions.

Professor Shaoul Ezekiel did his
graduate work at MIT on the develop-

Laserspectroscopy ofhighly excited
atomsin astrong magneticfield is an
interest ofProfessor DanielKleppner.
Thisproject, which is being conducted
in MIT'S Spectroscopy Laboratory, seeks
adeeper understanding ofatomic the-

oryandthe connection between quan-
tum mechanics andclassical chaos.
(Photo byJohn Cook)






Director's Message

In the scientific quest to under-
stand the world of physical phenom-
ena, there is a continuing need to in-

vestigate the smallest structures and
to observe the fastest events. The
field of modern optics forms part of
a newset oftools that are being used
to "see" ultra-fast phenomena such
as fundamental electronic transport
processes in today's high-speed de-
vices. The invention of the laser as a
coherent light source has played a
central role in these studies, and has

permitted the development of a vari-

ety of new probe techniques whose
use has led, in turn, to newoptical
phenomena and sources.

A central theme in modern op-
tics research is the exploitation of
natural physical phenomena to pro-
duce desired signals. When ultra-

high-speed control is needed,no ex-

plicit control circuitry will suffice,
andways must be found that will
constrain the experimental system
in order to produce the signals of in-
terest. RLE researchers have been
leaders in the development of such

systems to generate extremely short

pulses (tens offemtoseconds),
which can be used, in turn, for ex-

perimental probes as well as signal
processing tasks.

New materials are vital to to-

day's optics research, and BLE is

greatly increasing its activities in this
area. Quantum phenomena abound,
and are exploited to discover new
modes of communication andto
elucidate novel light-matter interac-
tions. Ultra-precise measurements
are nowpossible with optical tech-

niques that promise several orders
of magnitude of improvementover

contemporary methods. Optical in-

FOCUS
(continued)

ment of ultrahigh-resolution laser

spectroscopy and laser frequency stan-
dards based on atomic beam tech-

niques. Currently, he uses laser atomic

Professor Jonathan Allen, Director,

Research Laboratory of Electronics.

(Photo byJohn Cook)

terconnection between electronic

systems is central to improvements
in computing performance, as is the
use of optically controlled wave-

guide technology to directly per-
form logical computations, includ-

ing the possibility of massive

parallelism.
Optics research in RLE is an ex-

cellent example of interdisciplinary
studies, ranging from the fundamen-
tal scientific studies to the innova-
tive engineering solutions to many
demanding problems. The excite-
ment in the field is widespread, and
the influence of optical techniques
is increasingly pervasive in the Labo-

ratory. It is no wonder that optics
and electronics together form the
basis for future systems of astound-

ing performance.

beam techniques to uncover the details
of atom-field interactions, particularly
in intense fields. He has also per-
formed very high-resolution studies of
the structure of iodine, andhas

pioneered the development of atom
beam stabilized lasers.

In atomic physics, laser light has
been used to trap molecules and cool
them to temperatures within one milli-
kelvin of absolute zero. The recent cre-
ation of two newtypes of atom traps
will contribute to the study of atomic

phenomena at microkelvin tempera-
tures with ultrahigh precision. This en-
ables the study of matter in a newquan-
tum regime, spectroscopy at a
resolution higher than anything yet
achieved, andthe creation of new de-
vices (such as optical clocks) of unprec-
edented accuracy.

Professor Daniel Kleppner did his

graduate research at Harvard Univer-

sity, wherehe co-invented the hydro-
gen maser with Norman F. Ramsey in
1959. After coming to MITin 1966, he

pursued research on precision
measurements in hydrogen, conducted
one of the earliest experiments on dif-
ferential scattering of excited atoms,
and pioneered the field of Rydberg
atom research. His recent research fo-
cuses on the structure of atoms in

strong fields, trapped hydrogen, inhib-
ited spontaneous emission, andassoci-
ated radiative studies.

Professor David E. Pritchard pio-
neered studies in high-resolution two-

photon laser spectroscopy in addition
to radio frequency and optical spec-
troscopy on vanderWaal molecules.
He also introduced the application of

high-resolution lasers to atomic line

broadening. Currently, his research is
concerned with the forces of light on
atoms, traps for neutral atoms that use
either magnetic fields or light forces
for confinement, andprecise mass
measurements of trapped ions. Recent-

ly, the duality between light and matter
was exploited to diffract a matter wave
from a "grating" made of light.





Nonlinear optics would not exist if
it were not for the development of in-
tense laser light. "Nonlinear" refers to
the radiation-matter interaction where
the variables that describe the response
of the matter (such as electric polariza-
tion) are not proportional to the vari-
ables that describe the radiation (such
as electric field strength). Light of ordi-

nary intensity emerges from a transpar-
ent medium with the same wavelength
as it did before it passed through the
medium. But, high-intensity laser light
can alter the optical properties of ame-
dium,and cause intense beams of new

wavelengths to be generated.
Molecules, surfaces, and con-






ProfessorShaoulEzekiel describes asodium atomic beam apparatus used to detect
laser Ramaninteractionfor the development ofnewatomic clocks. The laser Raman
atomic clock is based on thepioneer work ofProfessorJerroldR. Zacharias, who

developedatomic clocks using direct microwave excitation. (Photo byJohn Cook)
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Professor DavidE. Pritchardpoints out afeature at the topendofa trapforneutral
atoms. The trap uses superconducting magnetsandlaser light to cool andconfine
over 10 billion sodium atomsat millikelvin temperatures. Themagnets were con-
structedfrom low-temperature superconducting wires with assistancefrom MIT'S
Francis Bitter National Magnet Laboratory. (Photo byJohn Cook)

densed matter canalso be modified by
intense light. Femtosecond lasers now
make it possible to create and study ex-
citations on a time scale shorter than
that of fast internal relaxation phenom-
ena. Nonequilibrium states of matter

produced in this waypermit the study
of dynamical processes in matter with-
in a regime never before witnessed.
Scientists anticipate the discovery of
newkinds of nonlinear optical interac-
tions, and possibly, the creation of new

photochemical and photophysical tech-

niques for materials processing.

first to generate squeezed-state light in
a Doppler-broadened atomic medium.
Thefundamental radiative properties
ofsqueezed light are altered in order
to permit measurements beyond the
limit of the Uncertainty Principle.

Senior Research Scientist Dr. Rob-
ert H. Rediker is currently investigating
the high-power communications by co-

herently combining semiconductor la-
sers in an external cavity.

Research Scientist Dr. Ngai Chuen

Wong investigates squeezed state gen-
eration by degenerate optical paramet-
ric oscillation. This techniquegener-
ates a novel light source whose

intensity noise is belowthe usual classi-
cal shot noise.

Some of the techniques and con-

cepts developed for materials and
structures in solid-state optics at MIT
include light scattering by carriers in
solids; large, fast nonlinearities; and
theories of modelocking. In the future,
the area ofoptical signal processing
will need more efficient materials and
devices for practical applications.

(continued on pg. 4)

ProfessorJeffrey H. Shapiro con-
ducted his doctoral research underthe

supervision of Professor Robert S. Ken-

nedy in 1970. His dissertation provided
one of the first analyses of atmospheric
turbulence compensation via adaptive
optics. In collaboration with MIT Pro-
fessor Cardinal Warde, he invented the

microchannel-plate spatial light modu-
lator. He has also pursued research on

atmospheric optical propagation, com-
munication, and imaging on coherent
laser radars and on squeezed states of
light. His RLE research group was the

ProfessorJeffreyH. Shapiro explains the

operation ofan experiment to study at-

mospheric optical communicationsfor
local area computer networks (see re-
latedarticle onpage 4). (Photo byJohn
Cook)
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In his laboratory at RLE, Senior Re-
search Scientist Dr. Robert H. Rediker
works to combine semiconductor la-
sers coherently in an external cavity in
order to achieve theproduction ofhigh-
erpowerforcommunication applica-
tions. (Photo byJohn Cook)

FOCUS
(continued)

Professor Clifton G. Fonstad stud-
ies the growth and characterization of
Ill-V ternary and quaternary com-

pounds including InGaAlAs and
InGaAsP, and the fabrication of hetero-
strocture devices such as bipolar tran-
sistors andguided wave optical circuit-

ry from these materials. He is also
concerned with the lattice-matched Pb-
salt heterostructure system PhSnTe/
PbTeSe,andthe fabrication andmodel-

ing of single-mode diode lasers in Pb
salts.

The development of new optical
materials contributes to newopto-
electronic devices such as spatial light
modulators and subpicosecond switch-
es. Related research exploits laser spec-
troscopy techniques and femtosecond
methods that help to study molecular

dynamics in gas and condensed phases.

Professors HermannA. Haus, Erich
P. Ippen, andJames G. Fujimoto are
concerned with the development ofall-

Research Scientist Dr.Ngai Chuen

Wong investigates squeezedstate gen-
eration by degenerate opticalparamet-
nc oscillation.A novelsource oflight is

generatedwherethe intensity noise is
belowthe usual classic shot noise.

(Photo byJohn Cook)

LOOK! Up in the Sky-It's LAN!

- - - - - - - - - - - - - -

- - -
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An investigation is currently being
led by ProfessorJeffrey H. Shapiro to

study atmospheric optical communica-
tions for local area computer networks

by using through-the-air laser commu-
nications that connect buildings
containing cable subnetworks. The

equipment, built by his students, con-
sists of an infrared laser transmitter
with a small spotting telescope mount-
ed on top to facilitate alignment. The
data is transmitted at 10 mbps from the
fourth floor of 50 Vassar Street (Build-

ing 36) to a receiver on the fifth floor at

545 Technology Square, a distance of
170meters. An infrared laser receiver
in Building 36 is used to receive data
transmitted from the same location at
Tech Square.

In conjunction with two micro-

computers and the appropriate soft-
ware, these two laser transceivers form
an experimental token-ring local area
network or LAN. This experimental at-

mospheric optical LANmay lead to ap-
plications to bridge buildings that are

almost a kilometer apart, or to tempo-
rarily and quickly connect new net-
work userswhocannot be immediately
cabled.

The viability of these applications
hinges on problems created by adverse
weather conditions, because they can
result in outages in through-the-air la-
ser communication links. Currently,
the experiment is collecting measure-
ments of network performance under
various weather conditions in order to

improve link andnetwork design.






Professor Clifton G. Fonstad inspects samples loaded into the introduction chamber
carousel ofa molecular beam epitaxy system thatproduces HI-Vheterostructures
andmultiple quantumwellsforguided wave optics andlaser diode applications.
(Photo byJohn Cook)

optical switches and logic gates capable
of processing picosecond pulses for ap-
plication in high-rate optical communi-
cation systems.Arecent focus of the

grouphas been on fiber interferometer
switches which permit long, large non-
linear interaction. All-optical nonlinear
systems play an important role in the

quantum theory of measurement.
In the 1950s, Professor Hermann

A. Haus initially investigated noise in
microwave tubes, and collaborated
with MIT Professor Richard B. Adler on
the circuit theory of linear noisy net-
works. In the early 60s, he became in-
volved with the theoretical and experi-
mental determination of quantum
noise in lasers andthe electrodynamics
ofmoving media. His other studies
have included nonlinear optical phe-
nomena, CO andHF lasers, and noise
in microwave solid-state oscillators. He
achieved the first explanation of mode-

locking of a semiconductor diode laser
in 1978, and the first all-optical wave-
guide modulator in 1983.

Professor Erich P. Ippen came to
RLE from Bell Laboratories in 1980. His
research interests include nonlinear in-
teraction in optical fibers, dye lasers,
semiconductor diode lasers, pico-
second and femtosecond optical tech-

niques, and studies ofultrafast pro-
cesses. He was the first to demonstrate

subpicosecond optical pulses.
ProfessorJames G. Fujimoto is

concerned with femtosecond laser

generation and measurement tech-
niques, studies of ultrafast processes in

electronic and optoelectronic materials
and devices, and time-resolved spec-
troscopic techniques in laser medicine.
In collaboration with investigators at
the Massachusetts General Hospital and
the Massachusetts Eye and Ear Infirma-

ry, the first studies of laser-tissue inter-
action were made in the femtosecond

regime.

New sources of light are the driv-

ing force behind modern optical sci-
ence and technology. Following the in-
vention of the first laser, numerous
light sources were developed such as
ion and excimer lasers, molecular la-
sers, tunable dye lasers, semiconductor
lasers, andsources based on various

nonlinear techniques. New light
sources must be developed to enable
research within frequencyand time re-

gimes that are beyond the capability of

existing optical devices.
Professor Peter L. Hagelstein, an

MITgraduate, recently returned to MIT
from the Lawrence Livermore National

Laboratory in California where his re-
search focused on the theory, design,
simulation, and atomic physics of labo-

ratory soft x-ray lasers. His invention of
an x-ray laser driven by a nuclear ex-
plosion sparked new interest in de-
fense applications at Livermore. He or-
ganized an effort to develop laboratory
soft x-rays at Livermore, andbegan
work that led to the demonstration of

amplification in the extreme ultraviolet
(EUV) regime. His current interests in-
clude laboratory EUV and soft x-ray la-
sers, relativistic atomic physics, large-
scale physics simulation, and quantum-
cavity electrodynamics.

Following the creation of a new la-
ser source, research is usually directed
toward the improvement of the
source's frequency purity, or short

pulse generation for diagnostic appli-
cations or communications. Through
theuse of nonlinear optical techniques,
pulses less than 10 femtoseconds have
been generated with dye lasers. These

pulses are used for time-resolved stud-
ies of nonlinear optical processes in a
broadrange of materials. Short pulses
also permit the use of nonlinear pro-
cesses to generate a spectral contin-
uum of subpicosecond duration for
time-resolved spectral diagnostics.
These pulses canbe made even shorter

(continued onpg. 6)

Professor Erich P. Ippen studies ultrafastphenomena in materials anddevices with
the help ofpicosecondandfemtosecond laserpulses. (Photo byJohn Cook)






ProfessorJames G.Fujimoto works with
ahigh-intensityfemtosecond laser am-

plifier. His research group studies ultra-

fastphenomena in electronic andop-
toelectronic materialsanddevices. He
is also interested in the application of
shortpulse lasers in medicine. (Photo
byJohn Cook)

by spectral broadening in an optical fi-
ber, followed by compression with a

dispersive grating or prism pair. The

development of high-power, high-rep-
etition rate femtosecond pulse sources
will open newareas of study in time-
resolved nonlinear optical processes in
materials.

Professor Peter A. Wolff, a former
Director of RLE, has broad interests in

solid-state physics. He has investigated
magnetism, local moments, semi-
metals, semiconductors, solid-state

plasmas, and light scattering in solids.
In recent years, his research has focused

on semiconductor nonlinear optics
and diluted magnetic semiconductors.





In contrast to laser technology, op-
tical device technology is still in its ear-

ly stages. While optical communica-
tions is already a large industry, the

impact of optical information process-
ing on society has been minimal. Scien-
tists anticipate the creation of high-
speed optical processors for special
purpose computing, for all-optical
switching systems, andfor the imple-
mentation of neural network concepts.
Fundamental research into new optical
devices must be conducted before
these optical processors become a re-

ality. These devices exploit either the
enormous "parallelism" afforded by
optics or the incredible switching speed
available with short optical pulses.

Because of their two-dimensional
nature, parallel optical processors are
ideal for tasks such as pattern recogni-
tion and complex matrix interconnec-
tion. Scientists anticipate that optical
neural networks, composed of many
highly interconnected simple thresh-

olding processors, or "neurons," will
tackle symbolic processing tasks and
estimation problems. Applications of
neural network processors include ro-
botic vision systems and inference en-

gines. Looking into the future, a medi-
cal diagnostic procedure can be
envisioned wherea neural network

processor can diagnose a patient by
simultaneously processing information
associated with the symptoms, the pa-
tient's medical history, a set of "medical

algorithms" developed by a team of doc-
tors, and a library of medical literature.

ProfessorPeterA. Wolff's interests include the nonlinear optics ofsemiconductorsfor
opticalsignal processing andpicosecond electron kinetics. (Photo byJohn Cook)

ProfessorPeter L. Hagelstein 's current

project is the construction ofatable-top
softx-ray laser. Here, he shows the whis-

pergallery mode mirrors whichare

part ofthe device. Together with a

pump laser, the device willfit on top of
a 4x12-foot optical table. In contrast,
thepump laser at theLawrence Liver-
more National Laboratory occupies a
room the size ofafootbailfield. (Photo
byJohn Cook)

Ultrafast serial processors will be

required for high-capacity, time-

multiplexed communication networks
and interconnects. Picosecond all-opti-
cal switches are also needed in these

systems to perform in-line logic and

signal processing functions. These
switches must also provide the multi-

plexing anddemultiplexing necessary
to interface with slower electronic sys-
tems.

Future technological innovations
can be anticipated by looking at today's
research. Coherent light sources in the
far ultraviolet andsoft x-ray regime are

expected to have a dramatic impact on
surface science, materials science, and

biology. The development of newopti-
cal materials will make possible opto-
electronic devices such as spatial light
modulators andsubpicosecond switch-
es. Thesenew devices may lead to the
creation of optical neural network ar-
chitectures that can simultaneously
process information from many data
banks, and produce the type of intelli-

gence suited to perceptual tasks such as

pattern recognition and complex deci-
sion making.

Thestaff of Currents would like to
thank Professor Daniel Kleppner for
his contribution to this article.
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FACULTY
PROFILE:
Hermann A. Haus
Institute Professor HermannA. Haus
was born in Ljubljana, Yugoslavia, in
1925. After attending the Technische
Hochschule, Graz, andthe Technische
Hochschule, Wien, in Austria, he re-
ceived his Bachelor ofScience degree
from Union College in Schenectady,
New York, in 1949. In 1951, he gradu-
ated RensselaerPolytechnic Institute
with aMaster ofScience in Electrical

Engineering, and came to MIT, where
he earned his Doctorate ofScienceand

joined thefaculty in 1954. He waspro-
motedto Associate Professor in 1958,
to Professor in 1962, andto Elihu
ThomsonProfessor in 1973. In 1987,
he wasconferred thehonorofInstitute

Professor. In over thirty years on the
MITfacully, he hasbeen aprolific con-
tributor to the emerging technologies
in thefield ofoptics.

I heardabout Norbert Weiner's theo-
ries on statistical phenomenawhen I
was attending Union College. These

phenomena fascinated me because

they could be described deterministi-

cally, just as things can be characterized

mathematically. I applied to MITfrom
Union andwas not accepted. Instead, I
went to RPI, and came to MITin 1950
for a summer job with Professor Louis
Smullin in the Tube Lab. Shortly after
that, I was accepted to MIT. I guess Pro-
fessor Smullin put in agood word for
me.

InJanuary, 1951, I came to MITas a
doctoral student and continued to
work with Professor Smullin in the
Tube Lab. We studied electron beams,
and that's when I became awareof the
work ofCutler and Quates. So, the "trig-
ger" was Norbert Weiner, and then
came Cutler and Quates. They studied
noise in electron beams and reported
on it after seeing standing waves. It was
not all that surprising because they
looked at noise in a very narrow band

range, and fewfrequencies were

Professor Hermann A, Haus was the re-

cipient ofthe 1987 Charles Hard Townes
Awardfor his analysis oflaser noise, the

development ofthe modelocked semicon-
ductor laser, andcontributions to the un-
derstanding of nonlinear waveguide in-
teractions. (Photo byJohn Cook)

picked up. But, the noise came from
one place and imposed a distinct spa-
tial pattern.

That mysterywas cleared up, but
the question arose: How does noise in
the electron beam affect traveling-wave
tube noise? That was the topic of my
thesis which was supervised by Profes-
sorLanjen Chu. Professor Smullin was

my thesis reader, buthe was much
more than the traditional thesis reader,
because I worked underhim on the ex-

perimental part. Once the thesis was
finished, we asked if what we had
learned about traveling-wave tube
noise could be applied to any physical
system, such as an amplifier system
with transistors, but not necessarily
traveling-wave tubes. In other words, it
wasn't an electron beam traveling-wave
system, but it might be what is known

todayas a transistor. In those days, tran-
sistors had just been invented, and I
didn't think about them that much.

As a physical device, transistors did
not affect my work because I never
went into semiconductor physics. Rich-
ardAdlerwas more involved with that.
But, it was not acoincidence that we

got together to ask questions about
noise in linear circuits: How do you
characterize a linear system in terms of
its noise properties? How many param-
eters do you have to specify? Once

those parameters are specified, what
can you tell about the amplifier and
how good will it be when all the com-

ponents are put together?We called
our paper "Circuit Theory of Linear

Noisy Networks."
Therewas an interlude in my work

on noise. I worked with Paul Penfield
on electrodynamics, andI also worked
on plasma physics with Will Allis and

George Bekefi. That work never got me

very far because the others were better
at it and I never got involved enough to
make any significant contributions. It
was the same with magnetohydrody-
namics, whichwas apossible source of
power at one time. It still hasn't taken
off, partly because it is materials-de-
pendent, andwe don't have the materi-
als. Also, there was notenough money
for magnetohydrodynamic powergen-
eration. That research wasdone in con-
nection with WilliamJackson. I never

got far with that either.
But, my work on noise got me in-

terested in another question: Is there

anyfundamental limit? Ifwe were to
spenda lot of money on improving a
device, would anything prevent us
from making it better and better in
terms of lower and lower noise? In a
sense, we were not at the fundamental
limit. We then asked: What other truly
fundamental limits are there? It was ob-
vious that quantum effects became
more pronounced only at optical fre-
quencies. At microwave frequencies,
they are weak because of background
thermal noise. If you cool it enough
though, you can eliminate this thermal
noise. Even at microwave frequencies,
quantum noise tends to be at equiv-
alent temperatures ofa few degrees
Kelvin. It wouldhave to get that cold
before you could notice quantum ef-
fects. At optical frequencies, the equiv-
alent temperatures are in thousands of

degrees.
Then,whydo we communicateop-

tically? To the lowest order, optical
communication is bad in terms of
noise. It is absolutely amazing! We have
regressed to the lowest order because
we live with larger noise! The speed of
the transmission medium (the optical
fiber) is so fantastic that it greatly over-
whelms the disadvantages of increased
noise. It took years to realize that. Opti-
cal communications didn't appear until
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the mid-'70s, long after the laser's in-
vention. But, it was clear that the laser
hadobvious fundamental noise limits.

That started the measurements
which Charles FreedandI worked on
in 1964 and 1965. Thesewere the first
measurements of quantum noise ef-
fects in laser oscillators. We tried to
demonstrate that laser noise was truly
quantum noise. If a laser is in a general
environment, it will be very noisy.
Things have improved since then, but
in the early days, we had to run the la-
ser off of batteries. If you ran it off of a
conventional powersource, it was

extremely noisy because the energy
source was noisy. We also had to turn
off all the lights in the building at Lin-
coln Laboratory where we conducted
the experiment so we wouldn't get in-
terference.

Although these effects were much

larger than quantum effects, they were
hard to find. At the time, people asked,

"Why bother? If the noise is so hard to
find, will it ever be important?" Of
course it was important! Today, com-
munication systems run at the quantum
limit. Why? Because of improvements
in noise performanceand the highly in-
creased bandwidth that we use. With in-
creased bandwidth, some of those
noises that plagued us have turned out
to be important. Now, ifyou look at the
characterization of communication sys-
tems, they are very close to the quan-
tum limit.

We are limited by quantum theory
as to how far we can go. However, we
did anticipate that quantum noise
would come to the fore anddominate

optical communications. That was long

before the optical fiber. At that time, it
wasnot clear if optical communications
would ever be as important as it is to-

day, because you take a tremendous

beating in terms of noisewhen going to

optical frequencies. Now, it is enor-

mously compensated by optical fibers.

'Didyou have a mentorfor this
work?

In 1962, I was close to Charlie Townes'

group in the Physics Department, and I
wrote a joint paper with him on noise

problems.

*How did the study of optics
develop atRLE?

Many people from the older generation
entered optics from microwave re-
search. Very fewwere actually from op-

Shedding Light on Lasers
On July 7, 1960, in NewYork's Ho-

tel Delmonico, Dr. Theodore Maiman,
a research scientist from Hughes Re-
search Laboratories in California,
demonstrated a new light that created

temperatures hotter than the sun. This
atomic radio light, as it was called then,
is used today in science, art, industry,
medicine, communications, and de-
fense applications.

Today, the laser (acronym for light
amplification by stimulated emission of
radiation) can drill diamonds, steel,
and teeth. It canweld microscopic elec-
tronic components on computer chips
andenormous steel plates on ships and

buildings; read UPC codes printed on
retail merchandise; print computerized
documents; play audio/video discs; and
create holograms and spectacular light
shows. Lasers are instrumental in medi-
cal applications because they allow fast-
er healing, less bleeding, and fewer

complications.They are also thecon-
troversial focal point of President Rea-

gan's "Star Wars" missile defense pro-
gram.

In its simplest sense, a laser is a
tube (or resonator) with mirrors on
both ends that contains a material (for

example, ruby crystal, or carbon diox-
ide gas, or chemicals). Asource of en-

ergy (light, electricity, or a nuclear ex-

plosion) "pumps" and excites the
material's electrons. As the excited
electrons return to their normal

(ground) state, energy particles (pho-
tons) are released at the same frequen-
cy (modulation). Thesephotons
bounce between themirrored ends of
the resonator (amplification) and
stimulate other photons. Achain reac-
tion is created by this stimulated emis-
sion of radiation. One semi-transparent
mirror on theend of the laser tube

permits the photons to escape when their

intensity reaches a certain level. This
results in an emerging laser beam.

Under various circumstances, light
possesses different properties. It can
behave as a stream of particles or as a
series of waves. Today, scientists de-
scribe light as being made of energy
particles (photons) that travel in waves.

Ordinary light is characterized by var-
ious wavelengths (the distance be-
tween the waves' highest points), am-

plitudes (the top-to-bottom distance of
each wave), and frequencies (the num-
berofwaves that pass through a given

point in a specified time). Ordinary
light is polychromatic (as witnessed

through aprism) andoflower intensity
than laser light. In a laser light, the

highly concentrated photons travel at
incredible speeds along a narrow
beam.Light wavesfrom a single laser
are almost the same frequency and,
hence, are monochromatic. Ordinary
light waves canbe compared to a

scrambling football team, or ateeming
mob of people on a city street moving
in different directions. In contrast, laser

lightwaves canbe characterized as a

precision marching band or soldiers

marching in step.
In 1951, Nobel laureate Dr.

Charles H. Townes developed plans for
the precursor of the laser-the maser

(microwave amplification by stimulat-
ed emission ofradiation). In collabora-
tion with his associate, Nobel laureate
Dr. Arnold Schawlow, he published a

paperon how a masermightwork. In
1954, Townes developed a device that
controlled high-frequency microwaves

by exciting ammoniagas molecules
with electromagnetic wave energy. His
device screened out the low-energy
molecules, and struck the remaining






A sufficient justification
should be that the problem
is interesting and challeng-
ing. Never mind if it's use-
ful, because it may be useful
in ways that you just can't
anticipate. I think that at-
tempts to make research rel-
evant is just not research.

tics. Of course, optics was defined

differently then. Therewasan influx of

physicists interested in optical media
and the development oflasers. Ifyou
were to ask who really made contribu-
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tions to the development of newlaser
sources, it wasgenerally the physicists
andspectroscopists who understood
themedia. Laser sources were devel-

oped by the physicists, andwere aprac-
tical part of the theory. In other words,

you had to build the thing and show
that it worked. Electrical engineers
didn't know enough spectroscopy then.
Now, they know more because they
need to, but that wasn't the case then.
The people interested in fiber optics
and optical communications hada

strong footing in microwaves, particu-
larly at Bell Laboratories.

*How wouldyou describe the tran-
sition ofyour work from noise in
linear amplifiers to lasers and

optics?

Some of it wasvery much the same, it
was helpful that noise turned out to be

important. Instinctively, it was just in-

teresting. That's a lesson everyone
should circumscribe future research
in, because you can't anticipate what's

going to happen. Asufficient justifica-
tion should be that the problem is in-

teresting and challenging. Never mind
if it's useful, because it may be useful in

ways that youjust can't anticipate. I
think that attempts to make research
relevant is just not research. It should
be challenging, and that's the main cri-
terion you ought to have.

You can get interested in some-

thing andwork hard on it. I canremem-
ber times when I've walked down a cor-
ridor somewhere, and I got an insight.
That's how it works. You work really
hard on somethingand it doesn't pan

(continued onpg. 10)

high-energy molecules with wavestrav-

eling at the same frequencyand phase.
This stimulated each ammonia mole-
cule to give up its excess energy in a
wave ofexactly the same frequency as
the molecule that struck it. Each wave
wouldstrike another molecule, andthe
result wasa continuous doubling in the
number ofthese high-energy mole-
cules. The molecules converted all the

energy that hadbeen pumped into
them into one frequency, and themole-
cules emerged in amuch greater quan-
tity at a single frequency. Thus, the
moleculeswere modulated and their

quantity vastly increased.

Although Townes' maserpro-
ducedmicrowaves that were higher in

frequency than radio waves, it was not

high enough to be light. Thus, the
name "maser." The maser amplifier, be-
cause of its high sensitivity and low
noise levels, could detect extremely
weak signals andfurthered studies in
radio astronomy, long-distance radar,
and microwave communications. But,
since light waveshave a much higher
frequency than microwaves, the laser's

capabilities far outweigh those of the
maser.

In 1958, Townes designed a type of
maser to amplify light waves. This de-

vice featured two mirrors at opposite
ends of a tube made of a ruby-like solid
that could produce a frequency of red

light. Light energy was pumped into the
tube, andmoleculeswere stimulated to
release their excess energy at the exact

frequency of the light waves pumped
in. Similar to the ammoniagas maser,
the released energy waves hit other
molecules and continuously doubled
their number. All molecules that were
struck sent outwaves parallel to the

length of the tube at exactly the same

frequency. Once the parallel waves
struck a mirror at one end, they were

repeatedly reflected back and forth be-
tweenthe two mirrors at each end of
the tube. All nonparallel waves were
absorbed by thetube walls or escaped
through them. Once enough energy
was built up, the remaining parallel
waves shot out through one of the mir-
rors, and created a brilliant flash of
coherent light (which consists of paral-
lel rays).

Different materials lase at different

frequencies, andproduce lasers in a va-

riety of almost pure colors within the

light spectrum. The ruby wasthe first
material used because of the crystal's
atomic structure, whichsuggested that
it mightbe easier to excite than other

materials. Almost any material will lase
if pumped with enough energy. Theo-
dore Maiman successfully demon-
strated the first laser in 1960 because
he used more energy than anyone else.

Dr. Arthur Schawlow demonstrat-
ed the selectivity of the laser beam by
aiming it at a blue balloon inside a clear
balloon. The blue balloon exploded
while the clear one was unharmed.
This property of the laser enables sur-

geons to target specific tissues in laser

surgery since the light beam treats only
those tissues that absorb the specific
color ofthe laser light used.

Today, lasers come in a broad

range of sizes, types, and capabilities.
Semiconductor lasers are smaller than

grains of sand, while lasers that create
fusion power are larger than a house.
Medical applications include the treat-
ment of detached retinas, glaucoma,
and techniques to stop internal bleed-

ing. In the future, scientists anticipate
that lasers will assist in the production
of energy from seawater, treatments for
arteriosclerosis, holographic transmis-
sions, high-precision genetic engineer-
ing using live cells, and spectroscopic
analysis to determine the purity of ma-
terials.






out.Then suddenly you realize-Mi
HA! Of course, you don't realize it until

you've spent many hours in frustration

getting to the bottom of it. There were
instances like that in my noise work.
This is howyoupick things up. Because

youthink about it or other people may
comment on it. Suddenly, you real-
ize-Mi HA!-there might be a fruitful

approach or something that I've over-
looked.

What was the direction ofyour re-
search underyour Guggenheim
Fellowship in 1959?

It wasmy attempt to get deeper into

plasma physics, although it didn't quite
pan out. If you look at the papers I

wrote as a result of the Guggenheim,
they were in the plasma physics area.
But, not everything you attempt works
out.

*How has the interdisciplinary re-
search tradition atRLE affected
your work?

Itwasvery important in the past. Unfor-

tunately, I believe that we have gotten
much more compartmentalized be-
cause of the support structure. Today,
the specificity of proposal writing that
details what you've contributed is

counter-productive to interaction. In
theold days, we didn't have to justify
what we were doing. By not having to

justify what we were doing, we were
freer andthat encouraged more inter-
action. You walked around to people
whohad little to do with your own re-
search, but they provided perspective
andyou knew that theywere experts in

something else. I can remember talk-

ing to either Manny Cerrillo or Walter
Pitts about amathematical problem.
You talked to people who tended to be
outside of your particular interest be-
cause, partly, it was expected of you
andyou didn't have to render an ac-
count to your source of support that

youworked on this specific proposal.
This greatly encouraged interaction.

Today, the interaction within ourgroup
is excellent, but that is by design and
location.

It would be beneficial ifwe re-
ceived block funding as a laboratory.
Ultimately, you shouldn't judge people
by what they say they will do,you
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should judge people on what they've
done. Give them five or six years of

grace, and do not expect anything from
them for five or six years. Then, see
what happens. You'll find much more
interaction, creativity, and open-ended-
ness. If I had promised to work on
noise, I couldn't have justified it! But

twenty years later, it proved to be im-

portant.

'Can you describe your theories
and experiments in the modelock-

ing of lasersforshortpulsegenera-
tion?

In 1968, I was involved with CO2 lasers
with my student Paul Hoff.We were

modelocking CO2 lasers to get shorter

pulses out of them. Using a continuous-
wave (cw) laser that gives a constant

output, you can produce pulses by di-

viding time-dependent attenuation. In

other words, at one instant oftime
there is no attenuation. Modelocking is

aword to describe this, but it is based
on a time-intensity domain. It's much

simpler to say that modelocking is a
form of time-dependent attenuation.
So, at onepoint and one instance of
time, there is no attenuation. But, to the
left andto the right of that instant (be-
fore and after), there is attenuation.

It is similar to a shutter. Imagine if

youhad a mechanical shutter that

opened and closed at the exact time
when apulsecame through. Remem-
ber that optical radiation travels at a
constant speed. The shutter opens only
at an exact instant of time, and that time
can be synchronized with the time the

pulse goes through. So, here comes the

pulse, it gets through, andthen you
close the shutter again so that nothing
else gets through. The laser will then
emit pulses, not continuous waves.
That's what femtosecond optics is all

about-pulses.
The tremendous advantage is that

youcan build electronic shutters which

don't have to be very good. They must
be precise in timing, but they don't
have to be good in terms of blocking. If
it blocks a little bit, that's all that is
needed. In other words, you must have

perfect transmission at one point and
block off a little to either side. So, each
time you cut off a little bit of radiation,
and next time you cut offa little bit

more. With a very poor shutter, you can

get very good pulses. That's really the
basic idea. Because it's resonant.

It's like pushing a child on a swing.
Each time youpush a little bit, butyou
do it at the right time, and it builds up.
That's the same idea here. You shorten
the pulse a little bit more each time,
andyoukeep shortening it until other
mechanisms (such as bandwidth) affect
it. The gain can't handle unusually
short pulses. That's when it stops. The

shortening and the broadening keep
each other in balance.

In 1975, another idea wasborn:
the mystery ofhow the laser mode-

locked. This was solved by realizing
that there was adouble shutter. One
shutter was the saturable absorber
which opened but didn't close when a

high pulse came in. The other shutter
wasthe gain which closed after the

pulse passed, because the pulse pulled
down the gain. It used all the active par-
ticles and pulled the gain down. So, it

wasa combination shutter. That was the
answer. Dye lasers which use dyefor

absorption are similar. So, absorber
and gain must be similar. If they don't
work properly, or if they are mis-
matched, they wouldn't do that. So,

they must be matched.

'What is thegoal ofproducing the
shortest, fastestpulses?

You can use those pulses to build
switches that have wonderful optical
properties to check electronic circuits.
Electronic circuits have switching times
of 10 or 15 picoseconds, so you can
look at them electronically. But, ifyou
tried to look at a pulse of that speed on
a scope, youwould have to load the cir-
cuit enormously, and the circuit won't

respond the way it does when it's not
loaded. Optically, you can send pulses
and look at that circuit without loading
it. Nowyou canfind outwhat is going
on. The diagnostics that you have en-
able you to look at electronic circuits
and make them perform faster.

From the optical viewpoint, ifyou
want to look at some interesting optical
material properties, it's usually impor-
tant to disturb themedium, andthen
watch the disturbance (by exciting car-
riers or electrons in the medium). Or,

youcan excite the atoms in themedium
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andwatch them. Thewonderful thing is
that the excitation can be made quite
large since you can have enormous in-
tensities but small images. If you make
the pulse half as long and twice as in-
tense, the energy stays the same. So,
with femtosecond pulses you can
achieve extremely high intensities and

very nonlinear responses of the medi-
um that you can study.

You canstudy anything longer
than what the pulse occupies in time.

Anything slower than the pulse will

give youvery nice results. Here is an

analogy:Youknow those beautiful pho-
tographs of bullets by Edgerton? He

stopped bullets at microseconds (a mi-
crosecond is 1O_6). Now, you can open
the laser's shutters to fifty femto-
seconds. Fifty femtoseconds is another
factor of twenty. That's six orders of

magnitude. So, it's twenty multiplied by
106 times faster than Edgerton's cam-
era. Of course, nothing microscopic
moves that fast. No one can stop indi-
vidual electrons because you can't see
them. But, you can observe clusters of
electrons in action andyoucan stop the
smallest particles.

"Canyou describe your develop -
ment of thesaturable absorber

theory?

We were working on CO2 lasers, mode-

locking, and short pulses. Still thinking
about howthese short pulses are gen-
erated, I listened to ajoint Services talk
in California by Andy Dienes,who was
at Bell Labs at the time. He had just
achieved picosecond pulses with dye
lasers, and posed the following prob-
lem about modelocking with gain anda
saturable absorber.

An ideal saturable absorber is a

perfect shutter because it is amedium
which will absorb less for highly in-
tense pulses andmore for less intense

pulses.A saturable absorber was used
to operate the shutter. So, intense

pulses were now automatic. The shut-
ter doesn't have to be operated by any-
one, because the pulse itself operates
the shutter-wonderful! So, the pulse
goes through. Where it's high, it
doesn't get attenuated. Where it's low,
it gets attenuated andchopped off. This
leaves youwith the center portion of
the pulse.They put this system together

andgot picosecond pulses.
Then, they took the absorber (how

it worked was unknown at the time),

put it in front of the laser, and asked
howit worked. Theproblem was that
the shutter was opening but not clos-

ing. If it only opened and did not close,
it chopped off the front and not the
back. If it didn't chop offthe back, there
wouldbe no reason for the pulses to
form.

That's the question Dienes asked.
How does it work? If they had known
that the absorber wasslow, they would
never have tried it. But, they didn't
know it was slow, they made it work,

they found out that it was slow, and

they didn't know howthe system
worked!

Dienes gave that talk in 1962, if I
remember correctly, which triggered
my interest in modelocking. I hadal-

ready thought about modelocking in
connection with CO2 lasers. So, I asked
Dienes why does it work. In 1964, I
worked out a theory andpresented it at
Bell Laboratories. Chuck Chang and
Erich Ippen, who were in the audience
at the time, cornered me and said,
"Have you really got it? Have youleft

something out?" Indeed, I did leave

The trouble was that no one
could build the lasers that
we proposed in 1975, be-
cause it entailed quarter-
wave shifted lasers. The

technology wasn't ready for
our new idea.

something out. Then, with their input, I

developed the theory of the saturable
absorber.

Imperial College in London
worked on the same problem. They
were running problems on computers
as opposed to getting analytic expres-
sions. They got to the bottom of things,
but their theories were not useablebe-
cause they were on computer. Where-
as, mine were useable because they
were analytic. The problem with com-

puters is they tend to be problem-spe-
cific. First, you have to write a program,
and then it only worksfor a particular
problem. Ifyouhave an analytic theory,
it is very flexible and can be trans-
ferred.

In 1974, I was at Bell Labs for a

one-year sabbatical, and I wrote my pa-
per on the saturable absorber theory. If
youwere to ask about a highlight in my
professional career, I am proudof that
because that's what brought Erich Ip-
pen to MIT. It marked the beginning of
our acquaintance.

'Can you describe your involve-
ment with the distributedfeedback
laser?

In 1974, when I was at Bell Labs, Chuck

Chang came to me and inquired about
the distributed feedback laser which
was invented around 1971. This is now
a common wayto fabricate lasers since
it replaces the mirrors with a grating
that acts as a mirror. What's the advan-

tage? We get better spectral purity of
the laser. Chuck said that we couldn't

anticipate the frequency at which the
distributed feedback laser would oscil-
late. Once it is built, there are two pos-
sible frequencies on which it can oper-
ate. But, thetwo frequencies are
random, depending on howthe chip
was processed. That's not good be-
cause half of the laser is, in a sense, not
in spec because the other half oscillates
on another frequency. He asked me to
think abouthowto make it operateon a
single frequency. We did some re-
search, wrote a paper, and took out a

patent. The trouble was that no one
could build the lasers thatwe proposed
in 1975, because it entailed quarter-
wave shifted lasers. Thetechnology
wasn't ready for our new idea.

Then, in 1983, I attended talks in

Tokyo on distributed feedback lasers
where people complained about the
two frequencies. After attending these
talks, I wasasked to visit KDD, the inter-
national telephone companyin Tokyo.
I gave them a proposal on how to solve
the distributed feedback laser prob-
lem. Shigeyuki Akiba, who was spend-
ing a year there, took up the challenge
and tried my idea. At that time, he
wasn't able to make it work. In the in-
terim, NEC made it work. But, Akiba got
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a clever new idea-how to build the
distributed feedback laser! Now, they
are commercially available.

In 1988, the quarter-wave shifted
laser demonstrated a million hours

(114 years) anticipated life. Twenty
years is the normal half-life for a laser.

They claim that it will be THE laser of
the future because it has 95% yield,
while others have 50% yield. Thesela-
sers also demonstrate much greater
stability and accuracy in the frequency.

sHowdidyou become interested in
nonlinearoptical waveguicles?

When I was at Bell Labs, I asked what

happened to integrated optics, andthe
answer was: almost nothing. Integrated
optics was discontinued at Bell Labs,
and I asked myselfwhy. What could in-

tegrated optics do for you? In one
sense, it did nothing that you couldn't

already do with electronics. Integrated
optics appealed to me as a theoretical

challenge with some nice problems.
What wouldrevive integrated optics? I

thought-speed! In other words, if you
could use short pulses in integrated op-
tics, and if you had a source of short

pulses that was integratable, then inte-

grated optics would be useful.
What's the source of a semicon-

ductor laser? Let's get short pulses out
of semiconductor lasers. (A semicon-
ductor laser with asemiconductor ab-
sorber looks very much like adye laser
with adye absorber.) That was the idea
of modelocked semiconductor lasers.
In 1975, Ping-Tong Ho was a student of
mine, and I gave that to him as a prob-
lem. In 1978, we were the first to mode-
lock a semiconductor laser. At that
time, Erich Ippenwas a visiting profes-
sor, and he helped with the diagnostics.
So,we wrote a joint paper on mode-
locked semiconductor lasers. Well, a
lot has happened in the meantime, and
other people have improved it. But, we
were the first to demonstrate it. Now,
we canget picosecond pulses from
semiconductor lasers.

So, now that you have integrated
optics with semiconductor laser pulses,
howdo you switch the pulses? That's
howwe started research in 1983 on the
nonlinear optical waveguide, which
still occupies us today. We also demon-
strated the first all-optical waveguide

modulator, where one optical pulse
switches, or modulates, another optical
pulse.We are still at it because the me-
dia are not there. But, we have done the
same thing with optical fibers. The nice

ProfessorHaus andgraduate student

Dilys Kit-Ling Wong examine afiber used

for optical interferometric switching.
(Photo byJohn Cook)

thing about an optical fiber is that it can
be much longer, so it can interact long-
er. In fact, you can do pulse switching
with much lower intensities in fibers
than in waveguides.We have demon-
strated that.

The problem is that there is a delay
if you have a long fiber.You cansend in
twopulses, butyoumust wait until they
get to the other endbefore you can see

your result. That doesn't mean the
switch itself must have a low through-
put, because you can send two pulses
right afterwards. It can still be a very
high-rate switch with a delay. I think we
have a reasonable chance to demon-
strate very good switching. We have
demonstrated switching at twowatts

peak optical powerwhich is extremely
low. For optical switching, you usually
need megawatts! But, that's what you
can do with long fibers.

Currently, for Draper Laboratory,
we are investigating the fiber laser gy-
roscope. Alaser gyro implies that you
have to consider noise again, so we are

proposing a soliton laser gyro.

" What are the details behindyour
developmentofthe soliton laser

theory?

We are developing the soliton laser

theory right nowby studying the quan-
tum noise of solitons.Asoliton is a opti-
cal pulse that can maintain itself on an

optical fiber without deterioration. If

you were to send in a normal low-pow-
er pulse, the different frequency com-

ponents disperse. But, if it's intense

enough, and if the fiber is in what is
known as an analogous dispersion re-

gime (where the wavelength is general-
ly greater than 1,3 microns), then the

nonlinearity of the fiber compensates
precisely for that spreading or disper-
sion. They keep each other in balance.

It is very much like the mode-
locked laser. The analogy is that two
mechanisms are fighting each other. In
the modelocked laser, the saturable ab-
sorber, or shutter, squeezes the pulse
while the gain medium spreads the

pulse.The two work against each other.
The same thing takes place in the soli-
ton laser. The dispersion spreads out
the pulse, and the nonlinearity com-

presses the pulse. Together, the two ac-
tions keep each other balanced. Soliton

pulses can travel over large distances
without dispersing.

We are interested in solitons for
two reasons. One is for Draper Lab, and
the other is for the switches that I de-
scribed. They canbe rather long, but
would only work with short pulses if

you made them solitons. Otherwise,
the pulses woulddisperse. So, the ideal
fiber switch would have solitons be-
cause they stay together.

How do youswitch solitons? That

brings you to the nonlinear theory of
solitons. Another question is howdo

you use them in laser gyros? That

brings you to the quantum theory of
solitons. In optical communications,

you areconcerned about signals sent
over long distances becauseyou are

dealing with attenuations of 10' and
io. That's not true in the case of soli-
tons.

At first, you might saywhy bother
with noise? Because, after all, you have

powerful pulses here. But, in the laser

gyro configuration, you can design it so
that all the classical noise is balanced
out. It is only quantum noise that you
must worryabout. So,we are right back
where we started twenty-five years ago.
Quantum noise, but nowin a nonlinear
environment.
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" Canyou describeyour work on the
quantum theory ofphase-sensitive
systems?
It is the quantum theory of nonlinear
systems. I have researched it in the

past, and I still work on it with Yo-
shihisa Yamamoto from Japan. We've
written a couple of papers on it. It is re-
lated to the soliton because solitons are
phase-sensitive systems that display
some of these properties. Professor Jef-
frey Shapiro and I have speculated that
it wouldbe interesting to determine
how to build systems that generate de-
sired quantum states. In a sense, you
could dial a quantum state and build

your system to produce that state. This
is related to phase-sensitive systems be-
cause it is a kind of quantum state.

" What are the limitations ofoptical
technology?
It is definitely the topology. I would
like to clarify some misconceptions.
People have talked about integrated
optics since the 1970s, and that con-
jures up images of integrated circuits
where you can puta million transistors
on a chip, and the development of all-

optical computers. I think optical com-

puters, as they are bandied about, will
not exist. There are certain optical
properties that must he used in com-
puters. But, they are talking about all-

optical computers, everything optical.

" What about the possibility of
using light to switch light?
That is possible, but not on a large
scale, not with millions of transistors.
Maybe with ten or fifteen. That's why I

say that integrated optics is a misnomer
because it conjures up a picture of a

very large computer. I prefer to call it
waveguide optics because it doesn't

conjure up that image. I think wave-
guide optics will be important because,
let's face it, optical signals are already
optical. It's not as if we have to trans-
form them because they are already in

optical form.

*But what about switchingfrom
optics to electronics?

That's what is being done today, and

that's the other way to go. It is a round-
aboutwayto do certain functions.
There will always be optical processes.
But, on what scale? Optics is very fast,
and to some extent, parallel (image
processing is parallel processing). But,
this has been highly overdone.. . talk-

ing about millions of pixels when the
devices don't exist. I don't think they
can deliver massive parallel process-
ing.We should usethe best properties
of both electronics and optics to come

up with a design. That's what is basical-
ly wrong with an all-optical computer.
It tries to usesome of the advantages of

optics, but the enormous disadvantage
is that there are no devices or equip-
ment in optics that can compare with
the transistor. In the foreseeable fu-
ture, there won't be.An optical beam
must be afew microns in diameter.
Transistors are nowsubmicron and
much smaller than electron beams. In
order to get an optical beam from one
place to another you must use a wave-

guide (which is three microns wide
and fairly long). Using wires, you can
get electrons around corners. It will
neverbe possible to integrate optics
and electronics just by the laws of na-
ture, no matter what happens to materi-
als. But, optics will always be faster than
electronics, and that you can always
predict. So, where speedand optical in-
terconnects in computers come into

play, I can see that becauseyou can
change those interconnects in real-
time. Interconnects that would replace
cables are also obvious. Replacing co-
axial cable with an optical fiber is the
natural thing to do. So, computer cable
connections will disappear.

" Whatdoes thefuture success in op-
tics depend on?

Materials. At RLE, we seem to be plan-
ning for that. I am pleased to see that
two new materials people have come
on board (Leslie Kolodziejski andJesus
del Alamo). The bottleneck in materi-
als development will impact on the di-
rection of optics. The big, uncharted

territory is high-speed optical proper-
ties. There are lots of ideas around, but

they are all limited by the fact that we
don't have optical materials with the

properties that we need.

" Why have you chosen to stay at
MITfor over thirtyyears?
It's fun. I have neverbeen frustrated.
Well, maybe at times.. . In that respect,
it is a good environment for people like
me. But, I would be the first to admit
that I'm not sure if I could develop an
industrial product that would sell. I
have high respect for people who do.
On the other hand, it wouldbe nice if
we could provide that kind of perspec-
tive to our students.

I think we should encourage in-

dustry ties with universities, encourage
student exchange, and raise the aware-
ness ofstudents at MIT. We shouldn't

discourage students from research and

development. It is a very challenging
field, But, how canwe teach develop-
ment if we never do it? It's a chick-

en/egg problem. On the other hand,
howcan you hire great developers
from industry to work in the university?
I think they wouldbe frustrated be-
cause they want to see their products
developed. The universities are not a
good environment for someonewho is

gungho on getting a system to work. It
is not an easy problem.

*Do you have a philosophy of life?
Have funworking with ideas. I've never
stayed far from experiments. I did ex-

perimental work as a thesis student,
andthere was my experimental work
with Charles Freed, the CO2 experi-
ments, the modelocking experiments,
the work with Ping-Tong 1-b on semi-
conductor modebocking, and experi-
ments with waveguides. Although I
don't consider myself an experimental-
ist, I have high respect for the experi-
mentalist. I believe that your theory
needs realism by being involved and

being in close touch with experimen-
talists. Have funwith ideas, work very
hard with them. Don't stay far from the

experiments if you are workingon the-
ory, and ifyou have any talent forex-

periments, do them.

Tryto do your best, because that's
all part of the fun. Thegreatest thing is
that once in a while something clicks. It

happens every three or four years. It
can't happen more often than that, ex-

cept for some exceptional people.
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Dr. JonathanAllen, Director of RLE and

Professor of Electrical Engineering and

Computer Science, was awarded the
IEEE Acoustic, Speech, and Signal Pro-

cessing Society's 1987 Technical
AchievementAward for his valued
contributions andwork in the signal
processing area. The awardwas made

at ICCASP-88 in NewYork City on April
12, 1988. (Photo byJohn Cook)

Dr Robertj Birgeneau, Cecil and Ida
Green Professor of Physics, was ap-
pointed head of MIT's Physics Depart-
ment, effective July 1, 1988. Professor

Birgeneau came to MITin 1975. From
1983-1986, he wasAssociate Director of
RLE. Recently, Professor Birgeneauwas
selected as co-recipient of the 1988
Bertram Eugene Warren Awardfrom the
American Crystallographic Association.
The award will be presented to Profes-
sor Birgeneau and collaborator Dr. Paul
Horn, Director of Statistical and Quan-
tum Physics at IBM, at the annual ACA

meeting in Philadelphia. The award is

presented in recognition of their
studies in two-dimensional phases and

phase transitions by diffraction methods.

(Photo by John Cook)

TheMITPhysics Department and Hay-
stack Observatory co-sponsored a one-

day conference on gravitational lenses
and their impact on astrophysics in
honor ofProfessorBernardF. Burke's
60th birthday on June 20, 1988, at MIT.

(Photo byJohn Cook)

Recently, Physics ProfessorBruno Coppi
was honored with three distinguished
awards. At the Annual Meeting of the
Division of Plasma Physics in Novem-
ber, 1987 in San Diego, he was named

recipient of the 1987James Clerk Max-
well Prize for Plasma Physics, spon-
sored by the Maxwell Laboratories, for
his outstanding contributions to funda-
mental theory, experimental
interpretation, and engineering design
in fusion research. Also in 1987, he re-
ceived theDante Gold Medal awarded

by the Dante Alighieri Society for excel-
lence in physics and education. In addi-
tion, he will receive the European Bian-
camano Prize in honor of his work to
foster the ideals of European and
international solidarity.

(Photo byJohn Cook)

ChemistryProfessorKeithA. Nelson was
named recipient of the Cohlentz
Award, whichhonors outstandingwork
in spectroscopy by a scientist underthe

age of 36. The award will be presented
by the Cohlentz Society, which fosters
the understanding and application of
infrared spectroscopy and related
fields, at an Ohio State University sym-
posium inJune, 1988. (Photo byJohn
Cook)

Dr. WilliamMSiebert, Ford Professor
of Engineering in the Department of
Electrical Engineering and Computer
Science, was namedco-recipient of the
1988 PioneerAward of the Aerospace
and Electronic Systems Society. Profes-
sor Siebert is being recognized for his
achievements in the development of

pulse-compression radar, specifically
in the origination of the phase-coding
principle within the radar pulse. (Photo
byJohn Cook)






Dr. JesusA delAlamo was recently ap-
pointed Assistant Professor of Electrical

Engineering at MITand has joined the
RLE faculty. AStanford University grad-
uate, Professor del Alamo was em-

ployed as a Research Engineer at the

Nippon Telegraph and Telephone Cor-

poration in Atsugi, Japan, where he
initiated a research project on the fabri-
cation of heterostructure field-effect
transistors by molecular beam epitaxy
using InGaAs andInP active layers for
telecommunication applications. He is

currently starting a research program
on high-performance semiconductor
devices for microwave and optical
telecommunications. (Photo byJohn
Cook)

Dr Leslie A. Kolodziejski was appointed
Assistant Professor of Electrical Engi-
neering at MIT, andwill join the RLE

faculty in the fall of 1988. A graduate of
Purdue University, Professor Kolod-

ziejski also served as Assistant Profes-
sor of Electrical Engineering at Purdue.
Herresearch involves the fabrication of

semiconductor lasers basedon 11-VI

compounds.

In Memoriam

Dr Manuel V erillo, 81, died at his
home in Mexico City on August 26,
1987, following a lengthy illness.

Dr. Cerrillo received his degree
in electrical engineering from the
Escuela Superior de Ingenieria Me-
chanica y Electrica in 1928, andwent
on to become an Assistant Professor
and Director of his alma mater. In
1940, he was named President of the
National Polytechnic Institute of
Mexico. He came to MIT in 1945 to
resume his doctoral studies, and

completed his Ph.D. thesis entitled
TransientPhenomenain Wave
Guides in 1947. For the next few

years, he worked with Professor
Ernst Guillemin on problems in
time-domain network synthesis.

He served as a Research Associ-
ate in RLE from 1945-1953, and again
from 1959-1965. He was appointed
Guestofthe Laboratory from 1968
to the time of his death. During his

distinguished career, he made sub-
stantial contributions to high-volt-
age and lightning research, electro-

magnetic theory, time-domain
network synthesis, linear operator
theory, as well as signal processing
and its relation to perceptual phe-
nomena. His research interests since
the early 1950s were devoted to sig-
nal processing in man and machine

using both auditory and visual sig-
nals as media. He was apioneer in
the application of mathematics and

engineering to the study of art and
music.

Dr. George G. Harvey, 80, Professor
Emeritus of Physics, died April 9,
1988, after a lengthy illness. Profes-
sor Harvey hadbeen associated with
RLEfor 42 years, and served as Assis-
tant Director in 1950, andAssociate
Director in 1952.

He attended Washington Uni-

versity in St. Louis and received a
Bachelor's degree in 1928, a Mas-
ter's degree in 1930, anda Doctorate
in Physics in 1932. He was a National
Research Council Fellow in 1932 at
the University of Chicago, and

joined MITas a physics instructor in
1934. He was promoted to associate

professor in 1943 andfull professor
in 1961.

During WorldWar II, Dr. Har-

veywas a staff member of the Radi-
ation Laboratory for four years. As a
scientist consultant for the armed
forces from 1944-45, he served in
Australia, the Phillipines, andthe Pa-
cific islands. In 1948, he was award-
ed a Certificate ofAppreciation for

outstanding contributions as amem-
ber of the Office of Scientific Re-
search and Development during the
war. He is also acknowledged as the
the person responsible for securing
much of the electronic equipment
that was transferred from the old Ra-
diation Laboratory to RLE.

Dr. Harvey is well-known for
his contributions to x-ray spectros-
copy and atomic structure. He built
one of the first high-resolution elec-
tron microscopes, andheld patents
for microwave antennas with novel

properties.






History of Optics
at RLE

1945

Today's millimeter-wave andopti-
cal techniques used in RilE stem

from theMITRadiation Laborato-

ry's microwave tradition. G. B. Col-
lins, Albert G. Hill, andJerrold R.
Zacharias (left to right) examine
thefeatures ofa microwave wave-

guide. (Photo: Historical Collec-
tions)

1954

Associate Professor HermannA.
Hans (left) andProfessorLouisD.
Smullin (right) examinemeasure-
ments ofhigh-frequency noise in
microwave vacuum tubes. (Photo:
BenDiver)

1956

Associate Professor HermannA.
Hans (left) discusses theproperties
ofnoise in microwaves tubes with

graduate studentAbrahamBers

(right). (Photo:BenDiver)






Project "Luna See," headed by RLE

Professor Louis D. Smullin (left)
andDr. Giorgio Fiocco (right), suc-

cessfully demonstrated high-power
optical maser technology by being
thefirst to bounce a laser beam off
the moon's surface. High-intensity
red lightflashes were created by an
optical maser (laser), sent through
a transmitting telescope to the
moon's surface, and detected with
an optical receiver. This was the
first time space had been spanned
by a laser light. Dr. Stanley Kass
from Raytheon (center) discusses
the experiment with Professor
Smullin. (Photo: MITHistorical
Collections)

1966
Graduate studentJamesE.Rober-
son uses a helium-neon laser to

study atmospheric turbulence ef-
fects on optical signals. The experi-
mentalsignals were beamed 4000
meters to the Harvard Observatory.
(Photo:John Cook)

1962
MITProvost (and soon-to-be Nobel
laureate) Charles H. Townes (left)
andAssociate ProfessorAlijavan
position two helium-neon masers
in an experiment designed to ex-
amineproperties ofthe theory of
relativity (speqflcally, the vari-
ation in length with velocity). Their

laboratory, located at MIT'S
RoundHillField Station in South
Dartmouth, Massachusetts, was sit-
uated in aformer wine cellar be-
cause it wasfreefrom distorting vi-
brations. (Photo: MlTHistorical
Collections)






1970

Professors E. Victor George (left)
andHermannA.Haus(right) usea

high-pressure carbon dioxide laser
to observe the characteristics of
self-pulsing, aformofself-mode-
locking in a laser. (Photo:John
Cook)

1971

Professor RobertS. Kennedy with an optical communication
receiver used inpropagation experiments to determine the

fundamentalperformance capabilities of optical communi-
cation systems. (Photo.John Cook)

Theworld's shortest lightpulsesfrom asemiconductor
device were achieved by ProfessorHermannA. Haus

(left) andgraduate student Ping-TongHo fright).
Here, they discuss the operation ofagallium arsenide
diode laser in an external resonator. (Photo.MIT
Electrical Engineering Department)






UPDATE:
RLE Collegium
Collegium Symposia

TheResearch Laboratory of Elec-
tronics Collegium and the MIT Indus-
trial Liaison Program hosted two sym-
posia this past academic year. The first,

Speech Communication and Process-

ing, was held on December 14,1987;
and the second, Opto-Electronics:
Devices andApplications, was held on

April 13, 1988.
Professor Kenneth N. Stevens

chaired the December symposium and

spoke on "Speech Production, Speech
Perception and Linguistic Units." Other
RLE speakers were Senior Research Sci-
entist Dr. Dennis H. Klatt on "Speech
Synthesis: State of the Art, Current Re-
search at MIT, Future Prospects"; Prin-

cipal Research Scientist Dr. Victor W.
Zue on "Speech Recognition: State of
the Art, Current Research at MIT, Fu-
ture Prospects"; Professor Jae S. Lim on

"Coding, Enhancement, and Time State
Modification of Speech"; and Professor
Louis D. Braida on "Speech Processing
Aids for the Handicapped." One hun-
dred fifty-six participants from thirty-
eight companies attended.

Institute Professor HermannA.
Haus chaired the April symposium and

spoke on "Opto-Electronics in Perspec-
tive." OtherRLE speakers were Profes-
sor Clifton G. Fonstad,Jr. on semicon-
ductor lasers; ProfessorJames G.

Fujimoto on femtosecond optics; Pro-
fessor Cardinal Warde on optical
computation; and Professor Shaoul
Ezekiel on optical sensors. Speakers

ProfessorJonathan Allen (left), Director ofRLE, congratulatesDennis Buss (right), Direc-
tor of Technology at Analog Devices, on Analog's membership in the RLE Collegium.
(Photo byJohn Cook)

from MITLincoln Laboratory were Dr.

James N.Walpole on new structures;
Dr. LeonardM.Johnson on integrated
optics; and Dr. Vincent W. S. Chan on

space coherent optical communication

systems. One hundred seventy-three
participants from sixty companies at-
tended.

Videotapes of the speech sympo-
sium are currently available through
the MIT Center for Advanced Engineer-
ing Study. Videotapes of the optics
symposium will be available shortly.

Collegium Membership
The Research Laboratory of Elec-

tronics is pleased to welcome sixnew
member companies to the Collegium:
Analog Devices, EG&G, IBM, Lockheed,

Panelparticipants at RLE's symposium inApril discuss the outlookforand implications of
opto-electronics. Left to rightfrom thepodium: Professor Erich P. Ippen ofRLE, Professor

JeffreyH. Shapiro ofRLE, Dr. Masatomo Fujimoto ofNippon Telegraph and Telephone

(Japan), Dr. C. KumarN. Patel ofAT&TBell Laboratories, Mr. Orjay Mattsson ofEricsson

(Sweden), andProfessor Hermann A. Hans ofRLE. (Photo byJohn Cook)

Pitney Bowes, andNCR. The Collegium
was established in 1987 to promote in-
novative relationships between the
Laboratory and business organizations.
The goal of RLE's Collegium is to in-
crease communication between RIE re-
searchers and industrial professionals
in electronics and related fields.

Collegium members have the op-
portunity to develop close affiliations
with the Laboratory's research staff, and
can quickly access emerging results
and scientific directions. This kind of
increased professional interaction pro-
vides RLE Collegium members with the
most up-to-date technical information,
often in areas not fully addressed by
business and industry.

Collegium benefits include access
to awide range of publications, educa-
tional video programs, RLE patent dis-
closures, seminars, laboratory visits,
and an on-line calendar of events.

The RLE Collegium membership
fee is $20,000 annually. Members of
MIT's Industrial Liaison Program can
elect to transfer 25% oftheir ILP mem-

bership fee to the RLE Collegium.After
an initial one-year membership, a

three-year commitment will be re-

quired. Membership benefits are sup-
ported by the Collegium fee. In addi-
tion, these funds will encourage new
research initiatives and buildnewlabo-

ratory facilities within RLE.
For more information on the RLE

Collegium, please contact RLE Head-

quarters or the Industrial Liaison Pro-

gram at MIT.






UPDATE:
Communications
Publications

The annual PIEProgress Report
will be available inJuly, 1988. Progress
Report #130, covering the periodJan-
uary 1 throughDecember 31, 1987,
contains both a statement of research

objectives and summaryof research ef-
forts for each research group in RLE.

Faculty, staff, and students who partici-
pated in these projects and sources of

funding are identified at the beginning
of each chapter.

Also available in July will bePIE
Publications Update which lists ab-
stracts of reports published by RLE

fromJanuary, 1987 throughJune, 1988.
In addition, RLE has published the

following reports since the last issue of
currents:





Ill-V Waveguides andCouplersforIn-

tegrated Optics, by Nadir Dagli. RLE TR
No. 533. September, 1987-225 pp.
$12.00.

Reconstruction ofMultidimensional

Signalsfrom MultipleLevel Thresh-
old Crossings, byAvideh Zahkor. RLE
TR No. 534. January, 1988. 184 pp.
$11.00.

Generating EfficientLayoutsfrom
OptimizedMOSCircuit Schematics,

by David George Baltus. RLETR No.
535. February, 1988. 193 pp. $11.00.

Speech CommunicationGroup Work-

ing Papers. Volume VI.January, 1988.
262 pp. $8.00.

Other publications include PIE

Progress Report #129 (which covers

1986), the RLEBrochure, Collegium
Prospectus, and the first issue of cur-
rents (December, 1987).

The RLE Communications Group wel-
comes inquiries regarding RLE re-
search and publications.

Barbara J. Passero
Communications Officer
Research Laboratory of Electronics
Room 36-412
Massachusetts Institute ofTechnology
Cambridge, MA 02139
(617) 253-2566

Videotapes
RLE, in cooperation with MIT's

Center for Advanced Engineering Study
andthe Industrial Liaison Program, has

videotaped research presentations
from two recent symposia, Speech
Communication andProcessing (De-
cember, 1987), andFuture Directions
in Electronics: 40th AnniversarySym-
posium ofRiLE (November, 1986).
These color videotapes can be pur-
chased or rented at the prices listed be-
low. For further information, please
contact Carolyn B. Johnson, MIT Center
for Advanced Engineering Study, Room
9-234, Cambridge, MA 02139 (617) 253-
7444.

" Speech Communication
Processing

With the increasingly pervasive
use ofcomputers by all segments of so-

ciety, theneed for natural and reliable
man-machine interaction has become

pressing. Audio response devices, text-

to-speech capabilities, andspeech rec-

ognition systems are available or are

being developed to satisfy these needs.
To design such systems, the knowledge
of many disciplines must be combined.

In the Speech Communication and

Processing Symposium, researchers
from RLE described advances and dis-
cuss future directions in the following
key areas: signal processing, coding
theory, human speech production and

perception, acoustics, phonetics, lin-

guistics, experimental computer sys-
tems, andVLSI technology.

Catalog #639-1100
(8 color videocassettes)
Purchase: $2,200
Two-week rental: $950

Five-day Executive Preview

(1 representative videotape): $95

" Future Directions in
Electronics

On October 31, 1986, RLE celebrat-
ed its 40th anniversary with an excep-
tional symposium called Future Direc-
tions in Electronics. RLE faculty
presentations included: submicron
structures technology and future elec-
tronics; quantum transport and fluctu-
ations in small devices; signal process-
ing and representation; the links

20

between language, speech, and hear-

ing; radio astronomy:Fourier trans-

forming the universe; plasma: space
physics and fusion research; atomic

physics and the frontiers of high preci-
sion; andhigh-speed optics. Invited

guest speakers were Dr. Ralph E. Go-

mary, Senior Vice President and Chief
Scientist, IBM, whose talk focused on

university research and its relationship
to industry, and David Packard, Chair-
man, Hewlett-Packard Corporation,
who discussed the future of university
research.

Catalog #634-1100
(11 color videocassettes)
Purchase: $1,200
Two-weekrental: $600

RLE currents
RLE currents is a biannual publication
ofthe Research Laboratory of

Electronics at the Massachusetts

Institute ofTechnology.
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