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above, does not rely on a specific relative phase between 
inputs. To take full advantage of this characteristic, 
however, a small signal must be coherently imposed 
onto a large optical bias to make the two cross-polar
ized inputs of comparable intensity. Figure lb shows 
the two crystal arrangement which we are currently 
testing to demonstrate small-signal amplification with 
incoherent inputs. A weak incoherent signal input is 
transferred onto a large bias at FF in the first crystal by 
generating a small amount of S H , and the second crys
tal is the AO-modulator operating with slightly unbal
anced inputs. 
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It is well known that when a plane wave crosses a sim
ple spherical lens, it is focused at the lens's front 

focus. When one measures the intensity profile along 
the optical axis, one sees a bell-like curve around the 
focus, i.e., a strong intensity peak in the focal point that 
falls off rapidly as we move away from it on either side. 

The goal we address is avoiding this typical behavior 
of the light. We have proposed 1 - 3 placing filters in the 
light's path so that a sword beam is obtained around 
the front focus. A sword beam is a beam that maintains 
an almost constant intensity along the optical axis, for 
an arbitrary interval, and whose lateral width at any 
cross section is similar to that of the ordinary beam 
mentioned above. 

A well-known method to achieve this goal is to place 
an aperture with the form of a narrow ring at the rear 
focal plane of the lens. 4 The main problem with such an 
aperture is that only a small portion of the light passes 
through the ring and becomes useful in the front focus. 

We propose placing a different filter in the rear focal 
plane of the lens. Our calculations show that a Fourier 
computer-generated hologram of a radial harmonic 
function on the order of four or more, also yields a 
sword beam around the front focal plane. 5 The proper
ties of this sword beam can be controlled by the various 
parameters of the filter. If we choose a radial harmonic 
function of order four i.e., g(r) = exp[j2π(r/b)4], no 
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light is absorbed at all in the system. That is because this 
is a phase-only filter. This is one big advantage of our 
method over the ring aperture. In addition, we have 
found that by various, well-defined changes of the origi
nal radial harmonic function, we can shift the sword in 
any direction in the entire space, and even tilt it by some 
angle (up to 20° from the optical axis in any direction). 

Using the radial harmonic functions and the Fourier 
hologram's properties, we have created an arbitrary 
longitudinal focal line. 6 We proposed to compose sever
al holographic elements, each of which creates a small 

Figure 1. Computer-generated hologram of the radial harmonic func
tion (upper left), and for creating a snake beam (lower left). The inten
sity distributions around the front focus are shown at right. The 
sword beams (upper right) and snake beams (lower right) are 
obtained in the ±1 diffraction orders. 
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sword beam somewhere in the space behind the lens. 
Each subhologram is multiplied by appropriate linear 
and quadratic phase functions and shifted by some dis
tance out of its center. The two phase factors are 
responsible for the location of each straight line, while 
the in-plane shift determines the line's tilt angle. 
Illuminating the complete hologram by a plane wave 
yields a twisted curve of light around the front focus. 
Two examples of Fourier computer-generated holo
grams are shown in Figure 1. The phase distributions 
are coded here such that the holograms are real and 
positive transparencies, and therefore each hologram 
yields three diffraction orders. The sword (or snake) 
beams are in the ±1 diffraction orders. The upper holo
gram yields the two sword beams in the upper right 
corner. Between the sword beams we see an ordinary 
focused plane wave (the zeroth order). The hologram in 
the left lower corner yields a snake beam shown in the 
±1 orders of the right lower image. 

One important application of the radial harmonic 
filter is to imaging systems. In traditional systems, the 
image becomes blurred as we move away from the 
imaging plane. Using the radial harmonic filter, we can 
extend the focal depth of our pattern to the length of 
the corresponding sword beam without absorbing any 
light (if the filter is implemented by a pure phase ele
ment). Using a telescopic imaging system, we display 
the radial harmonic filter at the intermediate focal 
plane. As shown in Figure 2, this yields a clear, sharp 
image far from the focal plane, where a traditional 
image is totally blurred. 

References 
1. J. Rosen and A. Yariv, "Synthesis of an arbitrary axial field profile by com

puter generated holograms," Opt. Lett. 19, 843-845 (1994). 

2. J. Rosen et al., "Pseudo non-diffracting slit-like beam and its analogy to 
the pseudo non-dispersing pulse," Opt. Lett. 20, 423-425 (1995). 

3. B. Salik et al., "One-dimensional beam shaping," J. Opt. Soc. Am. A 12, 
1702-1706 (1995). 

4. J. Durnin et al., "Diffraction-free beams," Phys. Rev. Lett. 58, 1499-1501 
(1987). 

5. J. Rosen et al., "Pseudo non-diffracting beam generated by radial har
monic functions," J. Opt. Soc. Am. A 12, 2446-2457 (1995). 

6. J. Rosen et al., "Snake beam: A paraxial arbitrary focal line, " Opt. Lett. 
20, 2042-2044 (1995). 

Figure 2. Schematic imaging system with extended depth of focus, 
and imaging results with and without the radial harmonic filter. 
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A new technique was recently introduced that allows 
study of imaging system performance in the pres

ence of controlled phase distortions.1 Previous meth
ods for introducing phase distortions into an image 
relied on a technique such as using a cell of heated 
water having turbulent refractive index fluctuations 
along the path of light propagation,2 or heating air to 
produce strong phase distortions.3 The latter method 
was shown to produce turbulence that was reasonably 
homogeneous, isotropic, and, within a specified range 
of parameters, to agree with the Kolmogorov model for 

the phase structure function. The primary limitation of 
these methods is the restricted flexibility in varying and 
controlling the spatial and temporal properties, as well 
as the depth, of phase distortions. Using these tech
niques it is also difficult to create small-scale phase dis
tortions having a characteristic size much less than the 
optical system's aperture size, a primary characteristic 
of severe phase distortions. 

This optical technique creates easily controlled 
large- and small-scale phase distortions for the study 
of adaptive imaging system performance. Large-scale 
phase distortions are produced using a semipassive 
continuously deformable bimorph mirror with com
puter control. Small-scale phase distortions were cre
ated using the nonlinear response of a liquid crystal 
light valve placed in a two-dimensional feedback sys
tem to produce a spatially and temporally varying 
chaotic intensity distribution. This intensity pattern 
was converted into a spatially varying thin phase 
screen using a second liquid crystal light valve operat
ed in the phase modulation regime. The resulting 
chaotic phase distortion was then introduced into the 
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