
form of the degree of spectral coherence of the light across 
the source plane (when the so-called scaling law is satis
fied) does the measured spectrum maintain its form 
throughout empty space. 

Why was the issue not raised a long time ago? Accord
ing to Wolf, the answer lies in the fact that ordinary ther
mal sources can be shown to satisfy the scaling law so that 
the requirements for spectral invariance are actually ful
filled. G. Michael Morris and Dean Faklis of the Institute 
of Optics in Rochester provided experimental support for 
the theoretical conclusions.3 They created two secondary 
sources with different coherence properties: one was de
signed to obey the scaling law, while the other violated it. 
The measured spectra at the source planes and at some 
distance from the sources were found to possess the invari
ance property in the first case, but not in the latter. 

Having established that spectral invariance on propaga
tion is not a general property of statistically stationary 
fields, Wolf went on to explore the kind of modifications 
that a spectrum could undergo if the scaling relation was 
not valid at the source plane and proposed that, in addi
tion to shape variations, the peak of spectral lines could 
undergo a frequency shift to the red or to the blue, de
pending on the correlation properties of the source. 4 , 5 Per
haps the most intriguing aspect of this prediction is that 
even a modest correlation length at the source can produce 
significant and measurable frequency shifts in the far field. 
While an optical demonstration of this phenomenon is still 
waiting to be performed, a convincing test was carried out 
by Mark F. Bocko, David H . Douglas, and Robert S. 
Knox 6 using acoustic sources with controllable correlation 
properties. In the opinion of this reporter, we have not 
heard yet the final word on this interesting subject. 
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Simulated annealing and lens design 
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Based on theoretical work done by Metropolis in the 
1950s,1 Bohachevsky, Viswanathan, and others at the 

Los Alamos National Laboratories pioneered the applica
tion of simulated annealing to lens design. 2 , 3 More recent
ly, efforts by Yang and Hopkins, 4 Hearn, 5 and Weller6 

have advanced this technology toward commercial use by 
designers. 

Simulated annealing is a stochastic approach to the so
lution of complex systems, not unlike the more familiar 
Monte Carlo methods. It is essentially a search method 
driven by a biased random walk. As applied to lens design, 
the method is based on the idea that a given lens can be 
thought of as being in some energy state. This energy state 
is lower when the lens is "better," and is higher when the 
lens is "worse," i.e., has more aberrations. What we want 
then is for the lens to be in the lowest possible energy state, 
where the overall image aberrations will be at a minimum. 

The lens variables allow the lens to move from one ener
gy level to another, within boundaries set by the lens de
signer. Rather than change variables under the guidance of 
Damped Least Squares (DLS) or ortho-normalization, the 
variables are changed in a random fashion. The set of 
changing variables can be likened to a hiker wandering 
over a hilly meadow—the hilly meadow being the multi
dimensional solution space of the lens, whose "height" at 
any point is just the value of the merit function. The hiker 
can move in any direction, but his walk is biased, as fol
lows. 

If the hiker steps down hill, that step is accepted. If he 
takes a step uphill, he must decide whether to accept that 
course, or go back and try another step in some other di
rection. His decision is based on how far uphill he stepped 
relative to where he was and on a coin toss. Theoretically, 
there is always a probability that the hiker will take an 
uphill step. 

This biased random walk is based on the Boltzmann 
Equation that describes the energy state of a system of 
particles (typically fermions or bosoms) as a function of 
temperature. The Boltzman Equation, modified in form, 
becomes the essence of the simulated annealing method. 
Mathematically speaking, we do the following: 
a) Generate a set of normalized random numbers and 

multiply the elements of this set by a master step size r 
to yield a set of random steps (a step vector Г). 

b) Add the step vector Г to the set of lens variables. This 
operation constitutes a random step in the lens varia
bles. 

c) Evaluate the lens—a one-number merit function value 
is returned. If the value of the merit function Φ is better 
than the previous value Φ0, the random step is accept
ed, and we continue at a). 

d) If the value of the merit function Φ is higher than the 
previous value Φ0, we generate a unit normalized ran
dom number Ω, and accept this uphill step according 
to the following equation: 
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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 
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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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