
where β/Φ0 - Φoptimum is analogous to 1/KT and K is the Boltzman 
Constant, the uphill step is accepted if 

The value of z(Γ) lies in the range [0,1]. As the optical 
system improves, changes can be made to β and r to aid 
convergence. 

Although DLS and other gradient methods have been 
used with success for many years in the optimization of 
optical systems, simulated annealing's seemingly haphaz
ard way of finding the minimum "energy state" of an opti
cal system offers the lens designer an unbiased approach to 
his craft. Whereas DLS often becomes trapped in local 
minima requiring designer intervention, simulated anneal
ing has a proven ability to walk over hills in solution 
space, and may indeed show the designer a different design 
form or at least a hitherto unexplored variant form. As 
optical systems become more complex, the designer will 
have less a priori knowledge of appropriate design forms 
that can be applied to his specific problem, and this new 
method may be able to offer new insights using its naive 
approach. 

The author has recently shown 6 that even in the case of 

From the starting lens shown, five third order 
minime were found for this monochromatic 250 mm, f/25 laser doublet. Solution III, the familiar Fraunhoffer 
form, lies near the global optimum region. 

the seemingly trivial monochromatic doublet (HeNe, 
250mn f/2.5, .2mm image), DLS displays severe local 
minimum entrapment, only finding the global optimum 
region by constant designer intervention (and/or his a pri
ori knowledge of the location of the global optimum). 
Simulated annealing, on the other hand, with its slow but 
steady convergence rate, always finds the global optimum 
region shown as solution III in the figure without designer 
intervention. 

Larger lens systems have been investigated and these 
systems seem to reflect the same operational tendencies 
exhibited by the doublet under simulated annealing and 
DLS. It should be noted, however, that not unlike DLS, 
simulated annealing is completely enslaved to the design
er's merit function definition, and thus the role of the de
signer in the design process is certainly not diminished by 
this new method. 
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Quantum nondemolition detection and 
four-mode squeezing 

R. M . SHELBY 
I B M ALMADEN RESEARCH CENTER 

SAN JOSE, CALIF. 

T ypically, when a laser beam is measured with a photodetector, 
the light is absorbed. Thus information 

about the amplitude of the beam is obtained at the cost of 
its destruction. A portion of the beam can be diverted with 
a beam-splitter and measured, leaving the remainder of 
the beam available for further measurements. At the quan
tum level, this also destroys any correlation between the 
amplitude of the detected beam and the transmitted beam. 
Both of these measurements are termed "quantum demoli-
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t ion" measurements because they do not provide informa
tion about the quantum state of the light subsequent to the 
measurement event. A method of measuring light ampli
tude which did not alter that amplitude would be valuable 
to experimentalists. Such a method has now been realized 
using nonlinear optics. 

When a quantum mechanical observable of some physi
cal system is measured, the measuring apparatus unavoid
ably perturbs the system, introducing uncertainty in subse
quent measurements on the same system. However, this 
uncertainty need not appear in the observable that was 
measured (in this case the optical amplitude). Back-action-
evading or "quantum nondemolition" (QND) measure
ment schemes1 cause the perturbation of the system (the 
back action) to appear in observables conjugate to the one 
being measured, thus leaving the latter unchanged by the 
measurement process. The observable of interest (the 
Q N D observable) is coupled to a second system (the Q N D 
readout) in such a way that a measurement of the readout 
allows one to infer the value of the Q N D observable. In 
this way, repeated Q N D measurements of an observable 
can determine its evolution without disturbing it. 

The nonlinear coupling between two light beams in a 
medium exhibiting the optical Kerr effect has the form 
suitable for a quantum nondemolition measurement of the 
amplitude of one of the light beams.2 Such a Q N D mea
surement scheme has been demonstrated experimentally 
for the first time at the IBM Almaden Research Center in 
San Jose, Calif. 3 

In this experiment, the observable of interest was the 
amplitude modulation of one light wave (the signal beam), 
and the Q N D readout is the phase modulation of a second 
wave of different wavelength (the readout beam). The con
jugate observable perturbed by the measurement is the 
phase of the signal beam, a quantity that cannot be mea
sured directly. The two beams co-propagate in a single-
mode optical fiber. The nonlinear index of refraction of 
the fiber couples the phases and amplitudes of the two 
beams. The IBM experiment has demonstrated the quan
tum correlations between the Q N D readout signal and the 
amplitude fluctuations of the signal beam (the Q N D ob
servable). Back-action evasion was not unequivocally con
firmed, but is strongly suggested by the fact that the signal-
beam amplitude fluctuations at both the input and output 
of the fiber were at the vacuum noise level to within the 
2% experimental uncertainty. In other words, the interac
tions in the fiber added essentially no noise to the Q N D 
observable beyond that present at the input. 

At the output of the fiber, the signal and readout beams 
were separated by a prism. The readout beam was reflect
ed from an optical cavity that shifted the phase of its carri
er wave with respect to the sidebands that carried the 
modulation information. This phase shift converts the 

phase fluctuation of the readout beam into amplitude fluc
tuations that can then be detected with a photodiode, and 
the fluctuations in this photocurrent constituted the Q N D 
readout signal. These fluctuations were shown to be 
strongly correlated with the vacuum-level quantum fluctu
ations of the signal beam, by directly detecting the signal 
beam with a second photodiode and electronically adding 
this "quantum demolition" signal to the Q N D readout 
signal. The resulting noise level was 5% below the vacu
um level ("shot noise limit") as calculated for the signal-
beam photodetector and 20% below the vacuum noise if 
both photodetectors are taken into account. Thus the cor
relations between the Q N D readout signal and the direct 
detection cannot be explained classically. 

The quantum correlations observed among the four 
sideband modes (two for each beam) are the manifestation 
of the existence of a new kind of squeezed state, a "four-
mode squeezed state."4 This is in contrast to the usual 
two-mode squeezing that arises from quantum correla
tions between two modes, symmetrically placed about a 
single carrier frequency. Observation of four-mode 
squeezing can be accomplished by phase-sensitive homo-
dyne detection with two local-oscillator waves, provided 
in the I B M experiment by the signal-beam and readout-
beam carrier waves. As noted above, the overall noise level 
was 20% below the vacuum level, even though both de
tector signals taken individually exhibited noise levels 
above the vacuum level. This experiment is thus the first 
observation of a four-mode squeezed state. 

The source of the non-negligible uncorrelated back
ground noise level in these experiments is light scattering 
in the fiber due to localized relaxational modes of the 
glass. This adds noise to the Q N D readout that is a factor 
of five larger in power than the noise that is correlated to 
the vacuum noise of the signal beam. Thus, as a Q N D 
detector this noise level is 7dB above the standard quan
tum limit. An improved system, using optical fiber with a 
more favorable magnitude of optical nonlinearity com
pared to the light scattering cross-section, Would be useful 
for sensitive optical measurements where the standard 
quantum limit does not allow sufficient precision. 
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