
Now Four Laboratories 
Have Squeezed Light 
But agroup at the University of Texas at Austin, repodng a 42% reduction in the noise 
recorded by a detector, is the second-lap leader in the squeezing sweepstakes 

I N classical physics, the current fluctua- 
tions (noise) recorded by a phase-sensi- 
tive photodetector when the signal is on 

alwavs exceed the level in the dark. This 
need not be so in quantum physics. At the 
Fourteenth International Conference on 
Quantum Electronics held in San Francisco 
from 9 to 13 June, four groups reported 
experiments in which the noise in the light 
plunged below the minimum possible level 
in the dark. Such light is said to be squeezed 
and may ultimately be useful in such applica- 
tions as high-precision interferometers, op- 
tical data storage systems, and optical com- 
munications networks, as well as optical 
spectroscopy. 

How soon squeezed light becomes of 
[nore than academic interest de~ends  on 
how fast researchers can boost the noise 
reduction to 90% or more. A group from 
AT&T Bell Laboratories had the honor last 
September of being the first to achieve 
squeezing, but the noise dropped only to 
7% below the dark level set by quantum 
fluctuations of the elcctric field in nominallv 
empty space (the vacuum in physics par- 
lance). At San Francisco, Richdrt Slusher, 
Bernard Yurke, John Klauder, and Samuel 
McCall of Bell Labs noted that they had 
since increased the squeezing to 17%, still 
far below the maximum set by the most 
recent calculations by Margaret Reid and 
Daniel Walls of the University of Waikato in 
Hamilton, New Zealand, and by David 
Holm and Murray Sargent of the University 
of Arizona. 

H. Jeffrey Kimble of the University of 
Texas at Austin and John Hall of the Joint 
Institute for Laboratory Astrophysics and 
the National Bureau of Standards in Boul- 
der, Colorado, presented data that ended up 
overshadowing all others in the squeezed 
light sessions. Kimble and Hall had been 
collaborating on an experiment in Boulder 
with the aim of creating squeezed light by 
the nonlinear optics technique of second 
harmonic generation in an optical cavity. 
But Kimble, who spoke at the conference, 
surprised everyone present by describing a 
different experiment, this one carried out by 
Ling An Wu, Hui Fa Wu, Kimble, and Hall 

in Austin. In a nearly classic scenario, the 
researchers worked furiously on this new 
project up to the day before the conference 
and achieved a record 42% squeezing just in 
time to permit a bleary-eyed Kimble to 
reDort it. 

In San Francisco, two other groups also 
reported squeezing: Robert Shelby, Marc 
Levenson, Stephen Perlmutter, and Ralph 
DeVoe of IBM's Alrnaden Research Center 
in San Jose, California, collaborated with 
Walls to achieve a 12% noise reduction, and 
Mari Maeda, Prem Kumar, and Jeffrey Sha- 
piro of the Massachusetts Institute of Tech- 
nology (MIT) recorded a 4% effect. 

With four laboratories now in the run- 
ning, Kumar summed up the situation for 
Science, "the race is on to do it best. The 
most appropriate physical system or systems 
for squeezing will emerge in the next year or 
so. Then the attention will shift towards 
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Squeezing light: Both the squeezed light 
and the reference beam derivefi.om the same 
Nd:YAG ring laser, so that phase-sensitive 
detection is possible. The balanced homodyne 
detector consists of two photodiodes and a 
spectrum analyzer that measures the noise 
density of the dz$erence current between 
outputs of the two photodiodes. 

applications." At the moment, the Texas 
group has a clear lead, not only because it 
obtained the largest squeezing, but also 
because it got its results almost on the first 
try without a lot of fine tuning. Kimble says 
that numerous straightforward improve- 
ments are planned and that, after confirming 
the present result, "we should be able in the 
near future to demonstrate significantly 
higher degrees of squeezing." 

What is it that is squeezed? Recall that the 
oscillating electric field associated with a 
light wave at a particular frequency has an 
amplitude and a phase. Rather than explicit- 
ly writing the phase, one can express the 
field as the sum of a cosine term and a sine 
term with separate amplitudes (called quad- 
rature amplitudes) whose values are related 
by the phase. Because of quantum fluctua- 
tions of the vacuum, each quadrature ampli- 
tude has a statistical variance or uncertainty 
(the noise). The product of these variances 
must exceed a certain minimum value set by 
the nonzero energy of the vacuum in the 
quantum theory of light. 

For perfectly coherent light, such as that 
from an ideal laser, the variances of the two 
quadrature amplitudes are the same and 
their product equals the minimum. If one 
measures only light intensity, which con- 
tains no phase information, there is no way 
to reduce the noise below this quantum 
limit. For squeezed light, the product of the 
variances also equals the minimum, but the 
variance of one quadrature amplitude can be 
decreased at the expense of an increase in the 
other. By means of phase-sensitive measure- 
ment techniques, one can observe one or the 
other quadrature amplitude. The interesting 
applications involve the quadrature ampli- 
tude whose noise is squeezed below that of 
coherent light. 

Nonlinear optics provides the means of 
generating squeezed light. Generally, one or 
two intense, coherent pump waves derived 
from a laser and a weaker but also coherent 
signal wave are passed through a nonlinear 
optical medium, where they interact. 
Emerging from the nonlinear medium are 
slightly attenuated pump waves, an ampli- 
fied signal wave, and a new idler wave that is 
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correlated in a particular way with the sig- 
nal. Finally, the signal and idler are brought 
together to create an output wave, one of 
whose quadrature amplitudes has reduced 
noise at the expense of increased noise in the 
other. Whether squeezing is in fact observed 
depends on whether the no~llinear interac- 
tion is strong enough to overshadow 
sources of noise, such as spontaneous emis- 
sion of light (fluorescence) in nonlinear 
atomic vapors. 

The Texas group adopted a particularly 
simple (in concept if not necessarily in prac- 
tice) nonlinear optical system called a degen- 
erate parametric oscillator. Degenerate 
means that the signal and idler waves have 
the same frequency, while the single pump 
wave has twice that frequency. The oscilla- 
tor has an optical cavity resonant at particu- 
lar frequencies and operates somewhat like a 
laser. When the pump intensity exceeds a 
threshold, the idler wave is intense and 
coherent, but the Texas researchers operated 
below the threshold. This system was the 
first to be considered and subsequently has 
received much attention by theorists in their 
treatments of squeezed light, but experimeri- 
talists have concentrated on related systems 
with two pump waves. 

For phase-sensitive detectibn, all the 
waves must be referenced to a common 
source, which at Texas is an infrared laser 
(Nd:YAG emitting at 1.06 micrometers). 
Part of the infrared wave, all of which passes 
through a barium sodium niobate nonlinear 
crystal, is converted to a visible (0.53 micro- 
meter) wave by second harmonic genera- 
tion. The unconverted infrared wave is split 
off to serve as the reference wave (local 
oscillator) at the photodetector, while the 
frequency-doubled wave serves as the pump 
for an optical cavity containing a lithium 
niobate nonlinear crystal (see figure). 

At this point, there is an important depar- 
ture from the standard optical parametric 
oscillator. There is no input signal wave (or 
equivalently, the vacuum furnishes the sig- 
nal). In the lithium niobate, the 0.53-micro- 
meter wave is reconverted to 1.06 micro- 
meters by the process of parametric down 
conversion. One can think of it in two ways. 
For each 0.53-micrometer photon it ab- 
sorbs, the lithium niobate emits two 1.06- 
micrometer photons, or the nonlinear inter- 
action of the pump and the vacuum gener- 
ates output signal and idler waves. Only 
these output waves are transmitted by the 
cavity, which is resonant at both pump and 
output frequencies, because the exit mirror 
is partially reflecting for the output but 
perfectly reflecting for the pump. The ad- 
vantage of the cavity is that all the waves are 
reflected many times through the nonlinear 
medium, which effectively enhances the 

length of the medium and, hence, the 
strength of the interaction. 

Finally, the reference (local oscillator) and 
output waves are brought together on a 
beam splitter, which passes half of the light 
into each arm of a phase-sensitive detector 
called a balanced homodpne detector. By 
means of a phase-shifting device, the phase 
of the local oscillator relative to the output 
can be adjusted so that the detector is sensi- 
tive to one or the other quadrature ampli- 
tude. In brief, the noise recorded by the 
detector drops when light from the squeez- 
ing cavity is allowed to enter. "It is as if the 
detector is illuminated by a source that is 
darker than the darkness of the vacuum," 
says Kimble. 

Slusher and his co-workers at Bell Labs 
used sodium vapor in an optical cavity as the 
nonlinear medium in a nondegenerate back- 
ward four-wave mixing system. In backward 
four-wave mixing, there are two pump 
waves of the same frequency propagating 
through the nonlinear medium in opposite 
directions. Nondegenerate means that the 
pump, signal, and idler waves have some- 
what different frequencies. At MIT, Kumar 
and his colleagues also worked with sodium 
vapor as the nonlinear medium, but they 
eschewed the cavity and used a degenerate 
fonvard mixing geometry with the two 
pump waves traveling in the same direction. 

As for the relative merits of solid nonlin- 
ear media, such as lithium niobate, and 
atomic vapors, such as sodium, Slusher 
notes that spontaneous emission in vapors is 
hard to avoid because it is necessary to 
pump near an atomic resonance in order to 
have a strong nonlinear effect, whereas this 
is considerably less of a problem in solids. As 
a result, solids are less noisy in principle. 

Other effects may intervene to change the 
balance, however. At IBM, for example, 
Shelby, Levenson, and their associates tried 
a unique approach to nondegenerate for- 
ward four-wave mixing involving an optical 
fiber as the nonlinear medium. The 114- 
meter length of the fiber obviates the need 
for an optical cavity. Unfortunately, in prac- 
tice, scattering of light waves by acoustic 
vibrations (Brillouin scattering) in the fibers 
swamped the squeezing effect in early ex- 
periments. By cooling the fiber in superfluid 
liquid helium to a temperature below 4.2 K, 
the researchers damped the scattering 
enough to see their 12% effect. 

All in all, the once arcane subject of 
squeezed light now seems to have a bright 
(or dark) future ahead of it. H 
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Faster Division with 
Computers 

Multiplication on a computer is easy and 
fast. There are standard methods that simply 
feed in the digits of the numbers to be 
multiplied and, as the digits are going in, the 
answer starts coming out. But division is a 
different matter. There simply are no short- 
cuts and one of the best methods, used on 
Cray computers, is actually to take the recip- 
rocal of the divisor and multiply it by the 
dividend. This method is five times slower 
than multiplying two numbers of similar 
sizes. 

Yet the development of fast methods for 
dividing is of practical importance. Ernest 
Brickell, a computer scientist at Bell Com- 
munications Research, says he became inter- 
ested in the problem in part because the 
clumsiness of existing methods made it very 
difficult to design computer chips to imple- 
ment the cryptography scheme called RSA, 
for the last initials of its inventors. Now, 
Brickell reports that he has developed a fast 
method of dividing. 

Brickell says that the new method's main 
advantage is that it allows high-precision 
division. Thus investigators can quickly get 
answers that are accurate to a high number 
of decimal places. 

The existing methods of dividing are slow 
because they require global communica- 
tions. If you think of each digit as being in a 
register of the computer, then the top regis- 
ter must communicate with every other reg- 
ister during the division process. Multiplica- 
tion, in contrast, takes place with what 
computer scientists call a systolic array- 
each register talks only to its neighbors. 

Recently, Charles Leiserson of the Massa- 
chusetts Institute of Technology found a 
way to take certain algorithms that use 
global communications and convert them to 
local communications. Brickell used this re- 
sult to develop a division method that uses 
systolic arrays. 

The method seems strange. It resembles 
the multiplication algorithms, because the 
dividend and divisor are fed into the com- 
puter and, simultaneously, an answer comes 
out. But because of the problem of carrying 
in division, this answer is continually altered 
until the division is complete. 

Brickell and his associates at Bell Commu- 
nications Research are now attempting to 
build a prototype computer chip to imple- 
ment the method. Brickell says he will pub- 
lish details of the algorithm and, at the same 
time, Bell Communications is applying for a 
patent on the process. H GINA KOLATA 
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