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We propose a compact volume holographic storage system, in which a fiber bundle is used to guide the refer-
ence beam. For demonstrating the system, phase-coded multiplexing is implemented by changing the incident
direction of the reference beam upon the fiber bundle. Shift multiplexing is also performed by moving the
medium. Because no lens or complicated phase modulation system is necessary in the reference arm, the
holographic storage system can become more compact. Multiple images are stored in a crystal using the phase

coded and shift multiplexing techniques.
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1. Introduction

Optical holographic storage using photorefractive crystal has
been intensively studied for several decades due to its potential
for high storage densities and fast readout." There are several
methods, such as spatial multiplexing,>* angular multiplexing,®
wavelength multiplexing,>® phase encoding,”® and shift multi-
plexing,”!? to store multiple holograms within a storage me-
dium. Among these methods, angular multiplexing is probably
the most common, in which the reference beam is incident upon
the crystal at difference angle to record each hologram. The
most suitable method for the implementation of a holographic
three-dimensional disk'" may be the shift multiplexing method
because simply rotating the disk can implement shift multiplex-
ing and access different locations on the disk surface. In order
to be competitive, however, these optical systems need to re-
duce their volume to become compact.

In this paper, we demonstrate phase coding and shift multi-
plexing using a fiber bundle to guide the reference beam onto
the storage medium. Phase coding is implemented by changing
the incident direction of the reference beam upon the fiber bundle
using a wedge prism. The beam rotates in a circle when we
rotate the prism in a similar circle about an axis perpendicular to
its face. Because the output beam from the fiber bundle has no
definite direction, we can shift the medium to realize shift mul-
tiplexing. No lens or complicated phase modulation system is
necessary in the reference arm; the holographic storage system
can become simpler and more compact. The obtained signal-to-
noise ratio is high. Multiple images are stored in a crystal by
using the phase coded and shift multiplexing techniques. The
method can be applied in a holographic three-dimensional disk
system as an alternative approach of the two-dimensional meth-
ods of optical storage, such as CD, DVD, and Magneto-optic
disks.
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2. Experimental setup

In the experiment, we used the 90° geometry'? and the sche-
matic diagram of the experimental setup is shown in Fig. 1. An
linearly s-polarized laser beam from a cw frequency doubled
Nd:YVO4 laser operating at 532 nm was divided into two beams
by a beam splitter. In the reference arm the laser beam was
incident upon the input face of a fiber bundle after it passed
through a wedge prism, which was mounted on a rotation stage.
The wedge prism could rotate in a range of 360° about an axis
perpendicular to its face with a resolution of 0.00025°. Thus,
the incident direction of the reference beam could be changed
by rotating the wedge prism. The fiber bundle used in the ex-
periment was a commercial one (Nippon P1. Co., Ltd., PLG-1-
500S-6) with a diameter of 6 mm. The fiber bundle, which was a
bundle of glass fibers with a diameter of 50 um, was an incoher-
ent bundle, which means that the arrangement of the fibers of
the input face dose not corresponding to that of the output face.
The transmittance of the laser beam through the fiber bundle
was ~ 61 %. The output reference beam from the fiber bundle
was incident upon a LiNbO;:Fe crystal (1 cm X 1 cm x 1 cm, ¢-
axis at 45° in the horizontal plane, 0.015 % Fe-doped). Because
the polarization of the output laser beam became random after it
passed through the fiber bundle, a polarizing filter was used to
polarize the reference beam to linearly s-polarization. In the
object arm, the object beam was a plane wave that was expanded
by a beam expander (BE). It was modulated by a spatial light
modulator (SLM) before it was incident upon the crystal. The
distance between the SLM and the crystal was about 10 mm.
The output signal was monitored by a power meter or a CCD
camera. The crystal was mounted on a linear stage, which could
shift the crystal along the z-axis shown in Fig. 1 with a resolu-
tion of 0.05 um.

The geometry of the reference beam is shown in Fig. 2. ais
the deviation angle of the wedge prism. 0 is the rotation angle
of the prism about an axis perpendicular to its face. If the opti-
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Fig. 1 Schematic diagram of the experimental setup of the
holographic storage system. BE, beam expander; M1,
M2, mirrors; BS, beam splitter; PF, polarizing filter;
SLM., spatial light modulator.
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Fig. 2 Geometry of the reference beam.

cal axis is parallel to the axis of the fiber bundle and the prism,
the incident angle of the reference beam upon the fiber bundle
should be kept to e In the experiment, we did not adjust exactly
the system to be such a situation. L is the distance between the
prism and the fiber bundle. When we rotate the prism from 8 to
8+ A0, the change of the incident direction upon the fiber bundle
is A, When A@is small, AB can be described as

AP =A@ sina or AG = AB/sina. (1)

3. Experimental results and discussion

3.1 Phase coded multiplexing

The phase of the reference beam can be modulated by chang-
ing the direction of the incident beam upon the fiber bundle.
Thus, we can implement phase coded multiplexing by rotating
the wedge prism. Here, the crystal is not shifted. In order (o
determine the angular selectivity A8, (or AByi,), which is the
minimal separation required between holograms, we measured
the diffraction efficiency with respect to the angular deviation
AB. Two wedge prisms, whose deviation angles were 8° (the
wedge angle was 15.3%) and 4° (the wedge angle was 7.9%), re-
spectively, were used in the experiment. The distance between
the prism and the fiber bundle was set to be L = 10 mm. The
experimental results are shown in Fig. 3 for the two prisms. When
AB=0.15" and 0.3° for e = 8" and o = 4°, respectively, the sig-
nal-to-noise ratios are better than 200, which is the reciprocal of
the normalized intensity. Thus, we set the minimal separations
A8y 0.15" and 0.3 for o= 8" and o= 4", respectively. These
angles respond to a change of the incident direction A, = 0.02°
according to Eq. (1). In the method, B can change in a range of
0" ~ 360", as a result, the accessible angular scanning range (S,)
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Fig. 3 Diffraction efficiencies versus the angular deviation
AQ using the wedge prisms of o= 8" and o = 4",
respectively.

for the prism was 360°.

We stored 100 images in the crystal using phase coded multi-
plexing and the wedge prism with a deviation angle of 8°. The
angular separations between successive holograms were set to
be AG=0.15". The recording time for each image was 6 sec-
onds. Nine reconstructed images are shown in Fig. 4. There is
no apparent cross talk in the reconstructed images. Sometimes
interference patterns appear in the output images, which rise from
the interference between the output beam and its specular re-
flection beam on the surfaces of the crystal. This problem can
be solved by using antireflection coatings to the crystal.

In general phase encoding method, usually the reference beam
is modulated by a complicated phase spatial light modula-
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Fig. 4 Nine reconstructions from the batch of 100 holograms
using an angular separation of 0.15" between suc-
cessive holograms and the wedge prism of o= 8".
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tor.'31% In this paper, we used a fiber bundle to guide the refer-
ence beam and the phase of the reference beam was modulated
by changing the direction of the laser beam upon the fiber bundle
using a wedge prism. The distinctive feature of this method is
simplicity. In the experiment, a commercial fiber bundle with a
length of 50 cm was used. By using a short fiber bundle, the
system can become compact. In the method, the accessible an-
gular scanning range S, of the prism is 360°. For a prism with a
deviation angle of 8, the geometric storage bandwidth, B, which
is defined as the ratio of Sy 10 AB,,;,. is 2400. The diameter of
the incident beam upon the fiber bundle was 1.4 mm in full width
at half maximum. Two ways can increase the selectivity: (1)
using a reference beam with a larger diameter; (2) using a wedge
prism with a larger deviation angle. In order to increase the
storage capacity of the system further, we can change the posi-
tion of the crystal to store images at multiple locations.

3.2 Shift multiplexing

In the reference arm, the laser beam scattered from the fiber
bundle. Thus, the reference beam was a diverged laser beam.
We can consider this condition as shift multiplexing using a ref-
erence beam that is an overlap of many spherical waves.” So
that, we can use the fiber bundle to guide the reference beam to
implement shift multiplexing by shifting the medium along z-
axis. We expected that this method have a better selectivity and
a higher signal-to-noise ratio than using a spherical wave refer-
encing. Here we define L’ as the distance between the output
face of the fiber bundle and crystal.

When we performed shift multiplexing, we did not change
the direction of the reference beam upon the fiber bundle. First,
we measured the diffraction efficiency with respect to the shift
distance of the crystal for L' = 12 mm, 22 mm, and 32 mm, re-
spectively. We used a uniform object beam and the reference
beam to write a grating at the original position. Then, we used
the reference beam to read the grating. The intensity of the dif-
fraction beam was measured while moving the crystal about its
original position. The experimental results are shown in Fig. 5.
When the shift distance equals 2.4 pum, the signal-to-noise ratio
is about 300 for L’ = 12 mm. Because of the asymmetry of the
fiber bundle, no period has been found, which appeared in the
case of a reference beam that is composed of multiple plane waves
because of the periodicity of the array.”

We stored 100 images in the crystal with a spatial separation
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Fig. 5 Diffraction efficiencies versus the shift distance for
the distance between the output surface of the fiber

bundle and the crystal L' = 12 mm, 22 mm, and 32
mm, respectively.
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of 3umand L’ =22 mm. Here we used a uniform exposure time
of 6 second for all holograms because of the lack of a computer
control system. Some of the reconstructed images are shown in
Fig. 6. No evident cross talk has been found.

By using a fiber bundle to steer the reference beam, the sys-
tem becomes simpler and more compact. In this paper, we used
the 90° geometry that the reference beam and the object beam
are incident on the crystal from different surface. On the other
hand, the two beams can also be incident on the same surface of
the medium. In the experiment, a crystal was used as the me-
dium and the storage capacity was limited by its volume. Be-
cause there is no period or sidelobe; the signal-to-noise ratio is
fairly high; and multiplexing can be implemented by just mov-
ing the medium, this method is very suitable for holographic
three-dimensional disks'!"” supporting 100 Gbytes ~ 1 Thytes per
120-mm disk with a readout rate of more than 200Mbits/s.!”

4. Conclusion

We proposed a more compact holographic storage system com-
paring with the traditional holographic storage methods using a
fiber bundle to guide the reference beam. Phase coded multi-
plexing was implemented by changing the incident direction of
the reference beam upon the fiber bundle using a wedge prism.
We also demonstrated shift multiplexing using a fiber bundle to
guide the reference beam. The spatial separation was 2.4 um
when the distance between the output surface of the fiber bundle
and the crystal was L’ = 12 mm. Multiple images were stored in
a crystal using the two kinds of multiplexing methods and no
evident cross talk has been found. By using a fiber bundle, the
system became more compact and simpler compared with the
conventional holographic methods. Phase coded multiplexing
and shift multiplexing can be implemented at the same time so

Fig. 6 Nine reconstructions from the batch of 100 holograms
using shift multiplexing. Here the spatial separation
between successive holograms was 3 wm and L’ = 22
mm.
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the capacity can be increased.
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