
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. 
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Figure 2. Schematic imaging system with extended depth of focus, 
and imaging results with and without the radial harmonic filter. 

Optical Technique for 
Simulating Severe Phase 
Distortion Effects on Imaging 
System Performance 
J. C. Ricklin, Army Research Laboratory, White 
Sand Missile Range, N.M. 

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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output image by propagation through the thin phase 
screen.4 

The effects of both large- and small-scale phase dis
tortions on imaging system performance were exam
ined. Phase distortion standard deviations considered 
were 1.0-1.5 λ for small-scale distortions, and 2.0-2.5 λ 
for large-scale distortions. Compare images obtained 
using white light (See Figs. 1a and 1b), with those 
obtained using coherent illumination (See Figs. 1c and 
1d). Figures 1a-1d were obtained using the same imag
ing system and identical small-scale distortions. The 
coherent imaging system was significantly more sensi
tive to the presence of phase distortions. This is also 
true when both large- and small-scale distortions were 
considered, as shown in Figure 1e for coherent illumi
nation and Figure If for incoherent illumination. 
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Refraction and Diffraction in 
the First-Order Born 
Approximation 
Wolfgang Singer and Reinhard Völkel, Institute of 
Microtechnology, University of Neuchâtel, 
Neuchâtel, Switzerland 

R ecently it was demonstrated that refraction, reflec
tion, and diffraction of a field distribution at an 

interface can be treated by the first-order Born approxi
mation.1 Therefore, the Born approximation can be 
applied to various design problems like the design of 
blazed phase gratings or surface relief elements. Even 
"classical" optical lens systems, consisting of single 
refracting surfaces, can be treated with this new 
approach. The calculation of the transmitted and 
reflected field can be performed by the use of a fast 
Fourier algorithm only. 

The first-order Born approximation is usually 
applied to scattering, similar to inverse source problems 
and optical tomography.2 In the Born approximation, it 
is assumed that the scattered field suffers only from sin
gle scattering processes. The scattered field is given by a 
convolution of the spatial frequency spectrum of the 
scatterer and the incident field spectrum.3 Thus, in the 
usual application to inverse source problems, a decon-
volution has to be solved. 

Due to the convolution of the incident field spec
trum with the spatial frequency spectrum of the scat
tering object, however, the spatial frequencies of the 
scattered field are given by the Laue-Equation : 

The Laue-Equation is also well-known from solid-state 
physics and, in general, diffraction optics. In this case, 
the diffracted wavevector k is given by the sum of the 
incident wavevector ki and a reciprocal grating vector g. 

The Laue-Equation is also equivalent to Snell's Law 
of Refraction and Reflection, which can be written as a 
vector equation:4 

with the surface normal N. Therefore, the Laue-
Equation describes not only diffraction and scattering, 
but also refraction and reflection. Consequently, the 
first-order Born approximation can be applied, e.g., to 
the refraction at an interface, as far as the refracted field 
suffers only from single refractions at the interface. For 
the application, the shape of the interface has to be 
Fourier transformed. Generally, the refracted field at a 
single interface can be calculated by using only three 
fast Fourier transformations. 

As an example, Figure 1 (page 17) shows the intensity 
distribution of a plane wave, refracted at a lens array with 

Figure 1. Images recorded by CCD camera after propagation through 
turbulent phase screen (a-d) and after additional reflection from 
deformable mirror (e-f). See text for details on each image. 
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