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coherence length and obliquely incident reference wave, 
each area on the holographic plate stores the wavefield 
originating from only a limited shell in object space, 
which obeys this condition. Light scattered from the rest 
of the volume is suppressed in the holographic recon
struction of the object image. This philosophy has been 
used in visualizing wavefronts in space, contouring by 
coherence radar, and imaging through scattering media 
in optical coherence tomography. 

We are extending the concept by illuminating the 
particle field in a flow from a direction close to the posi
tion of the hologram, so that surfaces of constant path 
difference in object space are slightly curved and almost 
normal to the viewing direction.4 For example, with a 
ruby laser of a few millimeters in coherence length, any 
8 mm wide vertical slit aperture on the hologram recon
structs only particles within a shell of about 3 mm in 
thickness. Figure 1 verifies this by showing the virtual 
image sections of a ruler bar placed in object space as 
the reconstructing aperture moves along the hologram. 

In flow visualization, this method can yield structur
al information even in the presence of dense smoke 
bands. In double-pulse velocimetry, it provides low 
noise displacement data on 5-μm scatter particles in air 
flows with high validation rates, yielding velocity vectors 
for a large number of sampling planes. The novel appli
cation extends the range of quantitative, as well as quali
tative, flow diagnostics to deep measuring volumes and, 
thus, provides an improved metrological tool for 
applied fluid dynamics. So far, the observation volume 
in air flows is a few centimeters in size. The limits set by 
laser energy, the scattering power of the μm-particles, 
and the sensitivity and size of the holographic plate are 
presently being investigated. 

References 
1. K.D. Hinsch, "Particle Image Velocimetry," Speckle Metrol

ogy, R.S. Sirohi ed. (Dekker, New York, N.Y., 1993), pp. 
235-324. 

2. K.D. Hinsch, "Three-dimensional particle velocimetry," 
Measurement Science and Technology 6, 742-753 (1995). 

3. N.H. Abramson, Light in Flight or The Holodiagram: The 
Columbi Egg of Optics (SPIE Optical Engineering Press, 
Bellingham, Wash., 1996). 

4. H. Hinrichs et al., "Light-in-flight holography for visualiza
tion and velocimetry in three-dimensional flows," Opt. Lett. 
22, 828-830 (1997). 

Lossless Projection of Light 

J. Glückstad and L. Lading, Optics and Fluid Dynamics Dept., 
Riso National Laboratory, Roskilde, Denmark, and H. Toyoda 
and T. Hara, Hamamatsu Photonics K.K. Central Research Lab
oratory, Hamakita City, Japan. 

Imaging of phase objects (i.e., visualizing and project
ing the information imprinted by a non-absorbing 

object into the phase of a transmitted light beam) has 
always been a subject of considerable interest in optics. 
From a theoretical point of view, it is a fundamental 
challenge to devise new phase-only imaging methods 
that provide the most efficient, simple, and robust use of 
available photons radiated from a given light source. 
From an application point of view, a phase-only imag
ing technique is attractive for at least two reasons. First, 
the majority of the emitted photons will not be dissipat
ed, preventing heat generation and the resulting damag
ing effects in the optical hardware. Second, photons that 
are not absorbed by the optics can be efficiently used 
and transferred to a desired target projection. Conse
quently, one can use a weak light source to generate a 
desired light projection, with strength comparable to 
that generated by a much stronger light source com
bined with conventional amplitude modulating optics. 
On the other hand, one can apply a strong light source 
in a phase-only modulating system without having to be 
concerned about deteriorating effects due to absorption. 

Böhmer Figure 1. Basic setup for light-in-flight particle holography in a flow field 
(top view). Verification of coherence shells in space by reconstructing the virtual 
images of a ruler bar through the apertures indicated on the hologram. 

Glückstad Figure 1. Detected images obtained from a binary encoded 
PAL-SLM input pattern. (a) Simple imaging with no application of a 
phase contrast filter. (b) Image obtained when an input-matching 
phase-contrast filter is situated in the Fourier plane. 
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Applications are plentiful. Some examples include: 
high-power laser machining, marking and labeling in 
parallel, large-screen projection beam shaping; laser 
guidance; photo-lithography; and structured light. 

In References 1 and 2 we present the theoretical basis 
for a new scheme that provides for a simple, robust, and 
efficient grey-level projection method based on phase-
only manipulation of light. The scheme is based on 
extending the Zernike phase contrast method3 into the 
domain of full range (0-2π) phase modulation breaking 
the small-phase-angle limitation of Zernike's method. By 
careful and continuous control of the spatial average value 
of the input phase modulated light, combined with a spe
cific pre-estimated phase retardation at the phase contrast 
filter, a pure phase based image formation can be 
achieved. In comparison with previously known phase-
only imaging techniques, this method dramatically sim
plifies the synthesis of arbitrary intensity patterns. Also, 
the requirements of the space bandwidth product (num
ber of resolution elements) are significantly reduced com
pared with those of phase-only holography, for example, 
because we apply a simple pixel-to-pixel imaging opera
tion. For these reasons, our method renders it more feasi
ble to use a dynamic and relatively coarsely grained spatial 
light modulator as the input phase modulating device. 

Experimental results verifying the new approach 
have been demonstrated 4 based on the optically 
addressed phase-only PAL-SLM from Hamamatsu Pho
tonics.5 The PAL-SLM was used to encode the input 
phase pattern imaged in Figure 1a. The detected intensi
ty of the phase contrast filtered input is shown in the 
bottom figure. Close to 90% energy efficiency was mea
sured. A comparison of grey-levels between the two 
images makes it clear that the intensity in illuminated 
regions in Figure lb are several times stronger (actually 
almost four times stronger) than the similar regions in 
Figure la. It should be noted that the method is not 
restricted to binary-only phase-encoding, and several 
methods for obtaining grey-levels are disclosed.1 , 2 
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Various Approaches in Super Resolution 

David Mendlovic, Zeev Zalevsky, and Adolf W. Lohmann, 
Faculty of Engineering, Tel-Aviv Univ., Tel-Aviv, Israel. 

T he resolution of a system is defined as the finest 
detail that can pass through the system without 

being distorted. The motivation of the super resolution 

field is to handle non-resolved details using a given apri
ori information about the input signal,1 (e.g., apriori 
knowledge on object shape, temporal behavior, wave
length behavior, dimensions, and polarization). The 
super resolution effect is achieved by exchanging 
degrees of freedom. For instance, let us assume that the 
spatial apertures of a system are small and some of the 
signal's information is lost due to this fact. If it is also 
apriori known that the signal's information is mono
chromatic, one may convert part of the spatial informa
tion into wavelength information, so that the aperture 
of the system is synthetically expanded. Based on the 
distinguishing features between the signal information 
and system's capabilities, one may adapt the space band
width (SW) function of the signal to the SW function of 
the system using the Wigner chart.1 

One of the most brilliant approaches for resolving 
powers exceeding classical limits is related to temporally 
restricted objects and based on two moving gratings.2 In 
this optical setup, two synchronized moving gratings are 
attached to the input and output planes. This approach 
provides a synthetic aperture 2-4x larger than the physi
cal aperture of the system. However, it has two disad
vantages: the synchronization task between the two 
gratings and a distortion of the synthetic aperture, due 
to the non-uniform intensity of grating diffraction 
orders. 

The second problem is solved by using Dammann 
gratings instead of Ronchi ones.3 To perform an experi
mental demonstration of this approach, a folded setup 
was used (see Fig. 1). An input beam hits the input 
mask, which is assumed to be approximately indepen
dent of the time—this is the meaning of the term "tem
porally restricted object." Close to the input mask, there 
is a rotating Dammann grating. This grating was drawn 
as a ring structure, which provides 1 -D movement with 
a velocity V. Due to the folding, the output is obtained 
at the same lateral plane as the input, thus the same 
Dammann grating can be used. This solves the synchro
nization problem. It was shown experimentally3 that 
this configuration is able to significantly increase the 
effective aperture of the system. 

Recently, a similar setup was used for an experimental 

Mendlovic Figure 1. Folded set-up: Proof of principle. 
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