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Experimental investigation of a page-oriented Lippmann
«holographic» data storage system

Gilles Pauliat, Kevin Contreras
Laboratoire Charles Fabry de I'Institut d'Optique,
CNRS, Univ Paris-Sud, Campus Polytechnique, RD 128, 91127 Palaiseau cedex, France

ABSTRACT

Lippmann photography is a more than one century old interferometric process invented for recording colored images
in thick black and white photographic emulsions. After a comparison between this photographic process and Denisyuk
holography, we feature some hints to apply this technique to high density data storage by wavelength multiplexing in a
page-oriented approach in thick media. For the first time we experimentally investigate this approach. We anticipated
that this storage architecture should allow capacities as large as for conventional holography.
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1. INTRODUCTION

The Lippmann interference photographic process' is a technique that shares many features in common with volume
holography2’3. In Lippmann photography, the image is projected onto a mercury mirror set in close contact with a thick
photographic plate. The incident beam interferes with its reflection and records a small Bragg grating inside the thickness
of the sensitive layer. At each location of this layer is thus recorded the spectral contents of a pixel of the image. The
recorded plate is chemically processed after removing the mirror. Illuminating this processed plate with white light
reproduces the coloured image thanks to the Bragg wavelength selectivity. The coloured information of each pixel is thus
encoded inside the thickness of the Bragg gratings. The colours are recorded by interferences in a fashion very similar to
holographic wavelength multiplexing. The main difference compared to holography is that an additional reference beam
is not required. As a consequence of this simplicity, the phase of the incident beam is not recorded: typically, the 3D
shape of an object cannot be reproduced. This feature is not a true impediment for data storage. Applying this Lippmann
principle to data storage has indeed been proposed for long™®, but all theses previous demonstrations were implemented
in a bit oriented approach. At each location, a focused beam records a series of wavelength multiplexed Bragg gratings.
Such stacks of Bragg gratings can be juxtaposed by moving the recording beam at other locations. Because the Rayleigh
length of a focused beam scales as the square of its waist radius, such an approach cannot produce high storage densities.
Indeed, increasing the number of wavelength multiplexed gratings in a single stack by a factor p requires an increase of
the material thickness by the same amount. In order to get a uniform diffraction efficiency in the material thickness, and
thus an optimum Bragg selectivity, the Rayleigh length z, must be increased by the same factor p. Because pixels must

be spaced by about their waist radius w to avoid crosstalk, and because this waist radius scales as @ x 4/z, , increasing

the number of multiplexed gratings by p results in a decrease of the areal density of multiplexed stacks by w” « z,, « p.
As a net result, and in first approximation, the capacity does not depend of the material thickness.

To circumvent this limitation due to diffraction, it was proposed to confine light in arrays of microfibers. Each stack of
microgratings being recording in a microfiber, light confinement prevents diffraction and increasing the material
thickness does not decrease the areal density of stacks (i.e. fibers). Consequently, very large capacities should be
expected’. However, avoiding light coupling from one fiber to the neighbouring ones requires large spacings between
fibers, which limits the overall capacity®.

As demonstrated in a theoretical previous communication’, larger capacities should nevertheless be obtained with a
page-oriented approach. Pages are wavelength multiplexed at each location. Simulations’ demonstrated that the capacity
of such a system should be same as for wavelength multiplexed holographic memories. In the following, we investigate



such a Lippmann page oriented storage architecture. We first underline the main differences between Denisyuk
holography and Lippmann storage and we give some hints for minimizing the inherent image distortion expected for
Lippmann storage.

2. LIPPMANN STORAGE IN THICK MEDIA VERSUS DENISYUK HOLOGRAPHY

2.1 Similarities and differences

In Denisyuk holography, information is recorded by interfering a reference beam, generally a plane wave whose complex
amplitude is R, with a couterpropagating image beam A. This interference pattern imprints a modification of the
material refractive index with the modulation term R"A. Reading out this information with the very same reference
beam R reproduces the original image R (R’ A) < A. On the contrary, in Lippmann storage, we make interfere the image
A with its reflection A, . This reflected beam is not a plane wave. To emphasize the difference between Lippmann and

Denisyuk storage, we can rewrite A, as A, =0+ E a,where O is the zero order of the image beam and 2 a, all the
p=0 =0
other orders. The information is reconstructed with a plane wave corresponding to O, so that the reconstructed
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wavefront is O (O +Eap)A. The reconstructed wave is no more proportional to A: the presence of all the orders
p=0

2 a, should considerably distort the retrieved image.
p=0

In a recording medium thinner than the depth of focus of the image, this distortion principally modifies the phase of the
retrieved image, without changing its intensity pattern. However, in a thicker medium, at first sight with this simple
description, we do not anticipate the correct operation of Lippmann data storage: a very large amount of distortion is
expected. This prediction is valid for most images, however, we illustrate with one example in the following paragraph,
that for correctly chosen images, the data can be retrieved with a good signal to noise ratio.

2.2 Simulations

To illustrate the operation of Lippmann data storage, we rely on computer simulations. Our simulated software was
described previously’. We assume the material reproduces the interference pattern A, A under the form of a refractive
index modulation n « A, A. The pixel pitch of the image to be recorded is 0.8 pum so that the image depth of focus is
much smaller than the 50 pm thick recording material. The image beam is spatially and temporally coherent. The
intensity of the image to be recorded is shown in figure 1.a. The pixel amplitudes are binary (0 and 1) and we investigate
the influence of their phase contents.

In a first simulation, we selected the phase of these pixel at random between 0 and 2 7. As can be seen in the simulated

intensity of the retrieved image, in figure 1 b), the original data information is completely blurred and cannot be
retrieved.

In figure 1.c, we simulated the retrieved image in case the phase of the original beam is uniform. In such a case, the
intensity data can be detected without ambiguity. For sake of comparison, the retrieved image in case of Denisyuk
recording is shown in figure 1.d.

A simple explanation can be given for these results. In case the phase is selected at random, the zero order O of the
image vanishes and most of the image beam is contained in the other orders: the correlation between wavefront A, and
the reference beam used for readout is zero. However in case the phase of the image beam is uniform a large amount of
energy is contained in this zero order. Typically, if the sparsity of the recorded data is 50%, then, this zero order contains
50% of the image energy. The recorded index gratings are thus very close to a Denisyuk hologram and can be readout
with the same plane wave.

This illustrates and explains why Lippmann photography can be applied to data storage. As simulated previously, for
intensity images such as one used for data storage, Lippmann storage should result in a slight decrease of the diffraction
efficiency, but the wavelength selectivity remains identical to the wavelength selectivity of Denisyuk holograms.



Figure 1. Illustration of noise in Lippmann storage: a) amplitude of the original image before recording; b) simulated
intensity of the retrieved image in case the original image contains random phase information; c¢) simulated
intensity of the retrieved image in case the phase of the original image is uniform. The simulated retrieved image
in case of a Denisyuk recording is shown in d).

As explained above, the additional term 2 a, is responsible for distortions of the retrieved grey levels: the intensity of
p=0

one retrieved pixel depends on the value of its neighboring pixels. Lippmann data storage typically produces images with

a limited signal to noise ratio. From our simulations’, we found that the signal to noise ratio defined by:

SNR = Uon = Uorr (1)

2 2
O'()N + OOF F

is about or larger than 4 for binary images with a uniform phase and a sparsity of 50%.

In equation (1), Upy,orr> Conorr at€ the mean values and standard deviations of the retrieved pixel intensities.

This distortion should thus not be the limiting factor in a storage architecture. We checked that the spatial repartition of
this distortion is compatible with a block coding scheme'.

3. EXPERIMENTAL SET-UP AND DISCUSSION

3.1 Experimental set-up

The scheme and the picture of our experimental set-up are shown in figure 2. It is fed by a single mode optical fiber in
which three lasers are injected: a free running laser diode at 650 nm, a free running diode at 473 nm and a frequency
doubled Nd:YVO, laser at 532 nm. Their coherence lengths are much larger than twice the sensitive layer thickness.
Shutters allow controlling the exposition durations for each wavelength. The recording material being not sensitive in the
red, the wavelength of 650 nm is used for the alignments only. The other two wavelengths are used for data recording.
Light from the fiber illuminates the data mask. We employ a set of chromium masks etched on a glass plate. They are
sequentially presented onto the beam by sliding the glass plate in front of the aperture. This mask is then imaged onto the
sensitive layer by means of a video lens (focal length 75 mm) and a 40 x microscope objective. The correction ring of
this microscope objective is adjusted to compensate for the spherical aberration of the thick recording layer and
substrate. This recording medium is a thick silver halide holographic plate sensitive at 473 nm and 532 nm but not at
650 nm (Ultimate 08'"). This sensitive layer, about 6 um thick, is deposited over a 2 mm glass substrate. Its thickness has
been chosen large enough to produce a Bragg selectivity sufficient to separate the gratings recorded at 473 nm and
532 nm, but thin enough so that the gratings can be readout at the recording wavelengths in spite of the relatively large
shrinkage (about 1%) of our material during the wet processing. A quarter-wave plate is glued on the substrate surface.
The light polarization is chosen so as to direct the diffracted/reflected light through the beam splitter cube according to
the arrows shown in figure 2. The images are observed by the CCD camera through a video lens identical to the first
one.
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Figure 2. Scheme and photography of the experimental set up.

Using red light, we align the set-up and we image the mask onto the mirror. We then record two images at each location
using the two recording wavelengths and two different masks. During this recording, the incident beam interferes with its
reflection.

3.2 Results and discussion

We investigated two arrangements: this reflected beam either originates from the Fresnel reflection on the interface “air /
sensitive layer” (first configuration), or originates from a mirror set below the sensitive layer (second configuration), an
index matching liquid between the sensitive layer and mirror prevents further spurious reflections. The material is then
processed and a black paint is applied onto the sensitive layer surface. The plate is then repositioned on the set-up to be
readout.

Examples of two images superimposed at the same location, with the first configuration, and readout at their recording
wavelengths, 532 nm and 473 nm, are shown in figure 3. No crosstalk is visible in these images.

Figure 3. Data pages readout at the same location, a) at 532 nm; b) at 473 nm

The main advantage of the first configuration is to ensure that the bottom interface of the recording layer acts as the
Lippmann mirror; no gap exists between the mirror and the recording layer.

For the second configuration, simulations have shown that if a gap is introduced between this mirror and the sensitive
layer, then a deterioration of the readout image should happen.



Comparisons between these two configurations are illustrated on the zooms of different images shown in table 1. First
configuration is shown on the first line (6 um thick emulsion and 0 um gap); the second on the second line (6 um thick
emulsion and 20 pm gap); for each configuration we show, from left to right, the original data, the simulated readout, the
experimentally reconstructed image. Our results are clearly well described by the simulations: for the 20 um gap,
spurious bright spots appear. For a moderately thick medium (as the 6 pm used here), it is thus important to minimize the
gap in order to reproduce the data correctly.

Table 1. Demonstration of the influence of a gap between the emulsion and the sensitive layer, comparison with simulation.
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These results validate our simulations. It is worth to note that the same simulations predict that the deterioration
introduced by a non zero gap should disappear if the thickness of the recording layer is increased well above the 6 um of
our sensitive layer. Current experiments are under progress to check this important feature.

4. CONCLUSION

These first experimental results validate our previous theoretical approach. Theory and experiments confirm the potential
of Lippmann architectures for reaching very high capacities. The interest in Lippmann architecture is further motivated
by the other inherent advantages of Lippmann architectures: very stable and compact interferometric set-up,
minimization of the required coherence length, possibility to mass replicate the recorded data by direct copy contact. The
absence of an external reference beam allows the image beam to be set perpendicular to the recording medium. This
minimizes the optical aberrations and allows using large numerical apertures and thus the largest image resolutions.
Lippmann storage does not require the optical access to the two sides of the recording medium. This single side access
simplifies the architecture. Furthermore, homodyne detections can be easily implemented to enhanced the detected
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