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We present an overview of our recent research efforts on read—write volume holo-
graphic digital data storage. High areal density (394 bits/square micron) holographic
data storage, and a novel system architecture for extending this high density to high
capacity are described. We also discuss signal—-processing of data pages to com-
pensate for pixel shifts, and two—color gated storage media to provide non-volatile
read-write storage.

Introduction

The decreasing cost of storing data and the increasing storage capacities of ever smaller devices
have made massive amounts of information and multimedia available and easily accessible in every
corner of the world. To date, improvements in conventional technologies—such as magnetic hard
disk drives, optical disks and semiconductor memories—have been able to keep pace with the
incessant demand for greater and faster storage.

However, there is strong evidence that these surface—storage technologies are approaching
fundamental limits that may be difficult to overcome, as ever—smaller bits become less thermally
stable and harder to access. Exactly when this limit will be reached remains an open question:
some experts predict these barriers will be encountered in three years, while others believe that
conventional technologies can continue to improve for at least five more years. In either case,
one or more successors to current data storage technologies will be needed in the near future. An
intriguing approach for next generation data—storage uses optical holography to store information
throughout the three—dimensional volume of a material [1-6]. By superimposing many holograms
within the same volume of the recording medium, holograms can potentially store data at a
volumetric density of one bit per cubic wavelength [7]. Given a typical laser wavelength of
500 nm or so, this density corresponds to 10'2 bits (1 Terabit) per cubic centimeter or more.

In holographic storage, data are transferred to and from the storage material as 2-D images
composed of thousands of pixels, each of which represents a single bit of information. Since an
entire “page of data” can be retrieved by a photodetector at the same time, rather than bit-by-bit,
the holographic scheme promises fast readout rates as well as high density [1-6]. If a thousand
holograms, each containing a million pixels, could be retrieved every second, for instance, then the
output data rate would reach 1 Gigabit per second. (For comparison, a DVD optical-disk player
reads data 100 times slower.) Despite this attractive potential, however, research into holographic
data storage all but died out in the mid—1970s due to the lack of suitable devices for the input and
output of pixelated 2-D data pages.

In the early 1990s, interest in volume-holographic data storage was rekindled by the avail-
ability of devices that could display and detect 2-D pages, including charge coupled devices
(CCD), complementary metal-oxide semiconductor (CMQOS) detector chips and small liquid—
crystal panels. The wide availability of these devices was made possible by the commercial
success of hand-held camcorders, digital cameras, and video projectors. With these compo-
nents in hand, holographic—storage researchers have begun to demonstrate the potential of this
technology in the laboratory.

In this paper we describe our recent progress towards fast access, read—write holographic data
storage systems. We describe a research platform for high—areal density storage, on which we
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Figure 1: How to record and read data using holograms: (a) Holographic storage
of a single data bit. The spherical wave from a single pixel interferes with a coherent plane wave in the
reference beam. The resulting interference pattern changes the refractive properties of the photosensitive
medium. (b) The hologram is read out using the original reference beam, which is diffracted by the stored
interference pattern to reconstruct the original spherical wavefront. An image of this beam can be formed
on a single detector pixel, resulting in the retrieval of a single bit. (c) The hologram can also be read out
by illuminating it with a counter—propagating (or “phase—conjugate”) reference beam, which reconstructs a
phase—conjugate copy of the original object beam. This beam returns to its original point of origin, where
the bit value can be read without requiring a high—-quality imaging system.

have experimentally demonstrated areal densities equivalent to 390 bits per square micron. This
density exceeds the storage capabilities of DVD disks by nearly 80, and of commercial magnetic
disks by a factor of 10x. We then describe a nonlinear signal-processing method which was one
of the key enablers of this demonstration. Then we describe the system architecture that will
allow us to extend this high density to high capacity, which combines phase—conjugate readout
and multiplexed volume holography by using an intermediate “buffer” hologram. Finally, we
discuss non-volatile, read—write storage in photorefractive crystals using two—color, gated lithium
niobate.

Holography basics

A hologram is a recording of the optical interference pattern that forms at the intersection of
two coherent optical beams, called the object and reference (Figure 1(a)). The object beam carries
the information to be stored, while the reference beam is designed to be simple to reproduce at a
later stage (often this is simply a collimated, or plane wave, beam).

To make the hologram, the reference and object beams are overlapped in a photosensitive
medium, such as a photopolymer or inorganic crystal. The resulting optical interference pattern
creates chemical and/or physical changes in the absorption, refractive index or thickness of the
storage media, preserving a replica of the illuminating interference pattern. Since this pattern
contains information about both the amplitude and the phase of the two light beams, when the
recording is illuminated by the readout beam, some of the light is diffracted to “reconstruct” a
weak copy of the object beam (Figure 1(b)). If the object beam originally came from a 3-D
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Figure 2: Data are imprinted onto the object beam by shining the light through a pixelated input device
called a spatial light modulator. A pair of lenses image the data through the storage material onto a pixelated
detector array, such as a charge—coupled device (CCD). A reference beam intersects the object beam in the
storage material, allowing the holograms to be stored and retrieved later.

object, then the reconstructed hologram makes the 3—D object reappear.

If the hologram material is thin—as it is on many credit cards—the readout beam can differ
in angle or wavelength from the reference beam used for recording the image and the scene will
still appear. However, if the hologram is recorded in a thick material, the reconstructed object
beam will only appear when the readout beam is nearly identical to the original reference beam.

Since the diffracted wavefront accumulates energy from throughout the thickness of the storage
material, a small change in either the wavelength or angle of the readout beam generates enough
destructive interference to make the hologram effectively disappear through Bragg selectivity.
As the material becomes thicker, accessing a stored volume hologram requires tight tolerances
on the stability and repeatability of the wavelength and incidence angle provided by the laser
and readout optics. However, destructive interference also opens up a tremendous opportunity:
a small storage volume can now store multiple superimposed holograms, each one distributed
throughout the entire volume. The destructive interference allows each of these stored holograms
to be independently accessed with its original reference beam. Several different techniques have
been developed to define a set of suitable reference beams by, for example, slightly changing the
angle, wavelength or phase of the original light beam. Using so—called “angle multiplexing,” as
many as 10,000 holograms have been stored in the same 1 cm? volume [8].

Storing and retrieving digital data

To use volume holography as a storage technology, digital data must be imprinted onto the
object beam for recording and then retrieved from the reconstructed object beam during readout
(Figure 2).

The device for putting data into the system is called a spatial light modulator (SLM)—a
planar array of thousands of pixels. Each pixel is an independent microscopic shutter that can
either block or pass light using liquid—crystal or micro—mirror technology. Liquid crystal panels
with 1024 <1024 pixels, and micro—mirror arrays with 1024 x768 elements, are commercially
available due to the success of computer—driven projection displays. The pixels in both types of



devices can be refreshed over 1000 times per second, allowing the holographic storage system
to reach an input data rate of 1 Gbit per second—assuming that the laser power and material
sensitivities permit.

The data are read using an array of detector pixels, such as a CCD camera or CMOS sensor
array. The object beam often passes through a set of lenses that image the SLM pixel pattern onto
the output pixel array, as shown in Figure 2. To maximize the storage density, the hologram is
usually recorded where the object beam is tightly focused. To access holographically—stored data,
the correct reference beam must first be directed to the appropriate spot within the storage media.
The hologram is then reconstructed by the reference beam, and a weak copy of the original object
beam continues along the imaging path to the camera, where the optical output is detected and
converted to digital data.

The speed of a storage device can be jointly described by two parameters: the readout rate
(in bits per second) and the latency, or time delay between asking for and receiving a particular
bit of data. The latency tends to be dominated by mechanical movement, especially if the storage
media has to be moved. The readout rate is often dictated by the camera integration time:
the reference beam reconstructs a hologram until a sufficient number of photons accumulate to
differentiate bright and dark pixels. A frequently mentioned goal is an integration time of about
1 millisecond, which implies that 1000 pages of data can be retrieved per second. If there are
1 million pixels per data page and each pixel stores one bit, then the readout rate is 1 Gigabit per
second. This goal requires high laser power (at least 1 W), a storage material capable of high
diffraction efficiencies, and a ‘megapel” detector (one with a million pixels) that can be read out
at high frame rates. Despite these requirements, even faster readout and lower latency could be
reached by steering the reference beam angle non—mechanically, by using a pulsed laser, and by
electronically reading only the desired portion of the detector array.

Both capacity and readout rate are maximized when each detector pixel is matched to a single
pixel on the SLM, but for large pixel arrays this requires careful optical design and alignment.
In order to study the recording physics, materials, and systems issues of holographic digital data
storage in depth, we have built several precision holographic recording testers on which this
pixel-to—pixel matching has been achieved. In Reference [5], we described our earlier work on
testing of holographic storage materials using our ‘PRISM’ tester [9-11] and on development
of signal processing and coding techniques using our ‘DEMON I’ platform [12-15]. Here, we
describe our subsequent efforts towards high areal density and high read—write system capacity
using the ‘DEMON |1’ and ‘DEMON I1I” platforms.

High—density holographic storage

The DEMON Il holographic storage platform, shown in Figure 3, was designed to demonstrate
high density holographic data storage, while including aspects of the previous two test platforms.
DEMON Il combines the large data pages of the PRISM tester, the dynamic SLM and the 90
degree geometry configuration of the DEMON I platform, and the short focal length optics needed
for high density.

The laser light is provided by a diode pumped solid state laser (532 nm, doubled Nd-YAG);
waveplates and polarizing beamsplitters provide control over the power in reference and object
beam. The object beam was apodized with a pair of aspheric optical elements, achieving illumina-
tion uniformity within 5% rms with 80% of the input optical power [16]. The SLM is a reflective
device fabricated by IBM Yorktown [17], containing 1024 x1024 pixels and illuminated via a
polarizing beamsplitter cube. The magnification from the 12.8 micron pitch of the SLM pixels
to the 12 micron pitch of the 40Hz, 1024 x1024 pixel CCD camera is built into the Fourier optics
(effective focal length 30mm). The use of two separate elements in the back Fourier lens (between
the storage material and the detector array) allows the magnification of the optical system to be
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Figure 3: Salient features of the DEMON |1 holographic digital data storage engine. Utilizing 30mm
focal length Fourier transform lenses in the 90 degree geometry with a 1 million pixel SLM, this system has
demonstrated an areal storage density of nearly 400 bits per square micron.

varied over a range of +0.5%. Linear stages provide two axes of motion for the storage material,
and three axes of motion for the detector array. A pair of scan lenses provide an improved relay
of the reference beam from the galvo mirror to the LiNbOs crystal, providing diffraction limited
performance over an angular scan range of +15 degrees. The entire system, including the laser,
occupies 0.8x0.8 square meters.

The short focal length of the DEMON |1 optics allows the system to demonstrate high areal
storage densities (the storage capacity of each stack of holograms, divided by the area of the
limiting aperture in the object beam). Since the lenses in the object beam implement a two-
dimensional spatial Fourier transform, an aperture placed in the central focal plane of the 4—f
system (just in front of the storage material) can be described as a spatial low—pass filter. The
smaller the volume allocated to each stack of holograms, the larger the capacity of a given large
block of storage material. However, if the aperture is decreased too far, some of the information
from the SLM fails to pass through the aperture. The size of the smallest tolerable aperture
corresponds to the spatial equivalent of the Nyquist sampling condition. That is, the spatial
frequency sampling on the SLM (one over its pixel pitch) is twice the maximum spatial frequency
allowed to pass the limiting aperture. Apertures smaller than this Nyquist aperture do not pass all
the information imposed by the SLM through to the detector array. The Nyquist aperture is equal
to the inverse of the pixel pitch of the SLM, scaled by the wavelength and the focal length of the
lenses. The design of the imaging optics is then complicated by this need for short focal length,
since the maximum ray angle (and thus the potential for optical aberrations) is greatly increased.
The optical distortion (displacement of pixel centers from a rectangular grid) in the DEMON 11
platform is consequently much larger than in the earlier two testers, reaching approximately 0.03%
(0.3 pixels) in the corners of the received data page.

Once the optical system is configured to successfully pass the SLM data to the detector ar-
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Figure 4: Retrieved data page #1000  Figure 5: Measured raw-BER results from the DEMON |1
from DEMON I1. tester at high areal density [20].

ray despite the small aperture at the storage material, multiple holograms must still be recorded
and retrieved independently. This adds two additional terms to the overall signal-to—noise bud-
get: inter—page crosstalk caused by incomplete Bragg mismatch, and the decrease in diffraction
efficiency caused by sharing the finite dynamic range of the storage material among the super-
imposed holograms. In the 90° geometry in LiNbOs3, interpage crosstalk is less important than
the limited dynamic range. If M is the number of superimposed holograms, then the diffraction
efficiency falls as (M#/M)? [18]. Here, M# is a scaling coefficient which describes both
system and material properties [19]. Achieving high areal density is then a balancing act between
the inter—pixel crosstalk introduced by the small aperture, and the loss of signal associated with
recording multiple holograms.

In the high—density experiment, we angle-multiplexed one thousand volume holographic data
pages, each containing one million pixels, in a common volume of lithium niobate [20]. After
each hologram exposure, the crystal was displaced both horizontally and vertically to average out
the BER degradation caused by the photovoltaic effect. This charge—transport process causes the
unidirectional displacement of charge along the c—axis, horizontally across the volume illumi-
nated by the spatially non—uniform object beam [19, 21]. Because of the amplitude—modulated
SLM, half of the power in the Fourier—transformed object beam is in the zero spatial-frequency
component. Thus there are large intensity gradients at the boundary between the bright center
component of the object beam, which diverges from the Fourier transform plane as a narrow
inverted pyramid, and the dimmer outside portions, which contain the higher spatial frequencies
of the image. During recording, the photovoltaic effect conveys charge from one of these vertical
boundaries to the other, producing index changes through the electro—optic effect. Without move-
ment of the crystal, this would eventually cause a severe BER distortion at localized portions of the
received data page, especially in the final pages of the recording schedule [18]. When the crystal
is continually displaced, however, then the effect is averaged over the exposed volume of the
crystal. This increases the maximum tolerable exposure time and modulation depth, improving
the achievable M # and thus the number of holograms that can be superimposed.

However, this crystal motion implies that each stack of multiplexed holograms is partly ex-
posed while neighboring stacks are recorded. To account for this experimentally, nine stacks of
one thousand holograms each were spatially multiplexed in the crystal, arranged over the object



Figure 6: A 9x9 pixel pattern is imaged from SLM to CCD (a) under perfect conditions; (b) with
half-a—pixel offset in both = and y; (c) after post—processing with the shift-compensation algorithm [22].

beam entrance face in a 3x3 grid on 1.6mm centers. This guarantees that every hologram in the
center stack received optical exposure corresponding to 1000 overlapping holograms, regardless
of its relative position. Each hologram had an average diffraction efficiency of 1.1x107% or a
realized M # of 1.07. With each hologram containing 1.01 million raw pixels and the effective
area defined by the stack spacing of 1.6mm, the resulting areal density in channel bits was 394
pixels/pm? (254 Gpixels/in?) [20]. For comparison, a CD has a density of ~0.7 bit/um?, a DVD
disk ~4.5 bit/um?, and the magnetic disk in the 1GB IBM MicroDrive, ~23 bit/um?.

After recording, one hundred pages were sampled from the central stack with a readout power
of 345mW. One of the retrieved pages contained text instead of binary data, and is shown in
Figure 4 to show the qualitative reconstruction fidelity. The other retrieved data pages were
post—processed with a novel algorithm to compensate both global page misregistration and the
local pixel offsets of optical distortion [22], as described in the next section. Other processed
data pages were then decoded with a strong 8-bits—from-12—pixels modulation code [12]. As
shown in Figure 5, the worst—case raw—-BER before error correction was ~ 10~3, sufficient to
deliver a user-BER of 10~12 with about the same level of error—correction as a CD player [20].
The overall system code-rate of 0.61 leads to a storage density in user bits of 241.5 bits/;:m?
(155.8 Gbits/in?). Given the 5.5mm hologram thickness, the demonstrated channel density of
0.072 pixels per cubic micron corresponds to 1.08% of the well-known theoretical volumetric
density limit of 1/)2 [7].

Post—processing to compensate for pixel shifts

The high density and fast readout offered by volume holographic data storage are due in large
part to the arrangement of data into large pixelated pages [5]. But to retrieve any stored data, the
pixel array imposed by the input spatial light modulator (SLM) must be accurately delivered to the
array of detector pixels. Displacement of individual pixel images away from their target detector
pixels (because of magnification error, misalignment, optical distortion, or material shrinkage [11]
quickly leads to uncorrectable levels of error.

The success of linear signal processing techniques in deblurring conventional 1-D channels
has led several authors to propose and develop 2-D signal processing schemes for page—oriented
data storage [23-25]. By correcting the spatial blur introduced by diffraction, these linear tech-
niques should permit smaller spatial apertures and thus higher areal densities [20, 26]. However,
the optical detection in holographic storage is inherently nonlinear. With coherent light, the
intermingling of signal from neighboring pixels—which the signal processing looks to undo—
takes place in the amplitude domain [24]. Moreover, not only do the detector pixels measure
intensity, but they also spatially integrate over the area of each pixel [26], preventing one from
simply taking a square root to return to incident amplitude. And as a further complication, any
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Figure 7: Dependence of raw—-BER (with an 8:12 modulation code [12]) before and after shift—
compensation post—processing, as a function of x shift [22].

misalignment of the holographic data page throws off pre—computed equalization kernals (unlike
temporal channels where jitter is generally a zero—-mean random noise source). This creates an
undesirable compromise: the signal processing to compensate for pixel blur demands even more
stringent attention to pixel alignment.

Pixel alignment has usually been addressed through a combination of careful and costly
hardware design and engineering: Optical aberrations are suppressed through either optical design
or phase—conjugate readout [27], while precision optomechanical mounting and lateral position
feedback achieve and maintain alignment. In general, though, once data pages reach a megapel
(1024 %1024 pixel) in size, a significant portion of the SNR budget is consumed simply by
residual optical distortion: one portion of the page must always be partly misaligned in order to
bring another portion into perfect alignment [10,20]. To address this, we have recently derived an
algorithm that can compensate for both optical distortion and misalignment, correcting a moderate
pixel blur in the presence of a significant pixel offset [22].

The algorithm comes directly from the detection physics in holographic data storage. Consider
the readout signal received at a detector pixel when the incoming data page is shifted such that two
SLM pixel images are contributing (the correct SLM pixel, and one neighbor). In the simplest
1-D case, we can decompose this detected signal r5 into linear contributions from the two SLM
pixel intensities p1, p2, and a nonlinear factor through their constructive interference, as

ro = poHoo(0) + 2¢/p1p2Ho1(0) + prHyi (o). (1)

The weights Hoo (o), H11(0) and Ho1 (o) represent the normalized signal integrated by the
detector pixel from the correct SLM pixel alone, the signal from the neighboring SLM pixel along,
and the additional contribution when both SLM pixels are present, respectively. This equation
can be inverted to iteratively to solve for each pixel’s correct value (p2) from the just—processed
neighbor pixel (p;) and the received data signal (r2). At each pixel, we take the measured
signal, subtract the portion that belonged to the previous pixel, subtract a further portion due to
interference, and then add in the missing signal that should have been here but which actually fell
into the next pixel. Because the point—spread function in the DEMON2 system [20] is dominated
by diffraction effects, the 2—-D data page can be processed by using this simple 1-D algorithm
repeatedly, first on all the rows, and then on the columns [22].

In Figure 6(a), we show a small 9xx9 pixel block as it should ideally be received. Figure 6(b)
shows the same pattern imaged through DEMON2 when the SLM is shifted a half-pixel in both
2 and y. The DEMONZ2 platform pixel-matches megapel pages through an aperture of 1.36 D
(1.7 x 1.7mm? aperture, f=30mm, A=532nm, SLM &= 12.8 microns). In Figure 6(c), we show this
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Figure 8: Phase—conjugate holographic storage system using a buffer hologram A temporary buffer
hologram is recorded by an object beam containing the data from the SLM (1) and a reference beam (2).
This hologram is illuminated with a phase—conjugate beam (3), reconstructing the phase—conjugate of the
original object beam, which is then stored permanently with a spatial- and angle-multiplexed reference
beam (4) [28].

data after post—processing with the shift-compensation algorithm: the original pixel pattern is
recovered. To process each block of pixels, the algorithm combines the dynamic global shifts, as
measured by dedicated fiducial marks, with the static local baseline offsets taken from a lookup
table. Assuming that 10~2 is the maximum acceptable raw bit—error-rate (BER) that can be
corrected by error—correction codes [20], the shift-compensation algorithm increases the position
tolerance of the DEMON?2 tester from +16% to +£40% of the pixel pitch. This is demonstrated
experimentally (with images) in Figure 7.

This procedure can relax the tight constraints on page registration, optical distortion, and
material shrinkage that currently hamper page—oriented holographic storage systems. Since a
shift of an integral number of pixels requires only careful bookkeeping, improvement of this
algorithm to tolerance of a +-50% pixel shift would imply that the data could be retrieved as long
as it falls somewhere on the detector array. This would provide many exciting opportunities to
push system design (disk rotation rate), to relax mechanical constraints (disk wobble or readout
pulse timing tolerances), and to tolerate material imperfections (shrinkage and expansion, whether
induced thermally or optically).

Phase-conjugate readout

The success of the DEMON 11 platform is due jointly to excellent imaging fidelity (pixellated
data arrives at the right detectors) and tight focusing of the object beam (holograms can be stored
using very little volume). These two features were made possible by optical design: minimizing
the optical aberrations, particularly distortion, of the short focal length optics. To scale fast—
access holographic storage to high capacity, however, this same high density must be achieved
at many storage locations, and without moving the storage media. The correspondingly greater
demands on optical imaging performance soon limit the capacity achievable along this path to
commercially uninteresting limits. However, several researchers have long proposed bypassing



these imaging constraints with “phase—conjugate” readout (Figure 1(c)).

Once the light from the spatial light modulator has been recorded using a reference beam,
the resulting hologram can be reconstructed with a phase—conjugate or “time-reversed” copy of
the original reference beam. The wavefront diffracted by the phase—conjugate readout beam then
retraces the path of the incoming object beam in reverse, canceling out any accumulated phase
errors from lens aberrations or material imperfections. This allows data pages to be retrieved with
high fidelity using an inexpensive lens [29, 30], or even without imaging lenses for an extremely
compact system [31,32].

However, two uncertainties prevented earlier work from proceeding. First, researchers were
worried that imperfections in producing the phase—conjugate reference beam would introduce
errors in each retrieved data page. In the simplest case, the phase—conjugate reference beam
is a separate light beam that is carefully aligned to propagate in exactly the opposite direction
to the original reference beam. However, even minor differences between the two beams will
distort the reconstructed data pages. Alternatively, an extremely accurate phase—conjugate beam
can be produced by a self-pumped phase—conjugate mirror [33]. Recently, we showed that a
beam reflected from a phase—conjugate mirror could retrieve pages containing one million pixels
onto a camera with very few bit errors, providing at least one potential solution to this first
uncertainty [34].

The second concern was that many pairs of phase—conjugate reference beams would be needed
to read the many different holograms recorded within the same volume—-and maintaining these
beams over long periods of time would be impossible from a practical point of view. This problem
also kept researchers from using the phase—conjugate mirror or PCM, since the barium titanate
crystal takes some time to respond when the input beam changes.

To solve this problem, we have proposed [28]—and are currently testing [35]—a novel ar-
chitecture that allows phase—conjugation and multiplexed holographic storage to co—exist. The
technique involves separating the phase—conjugation and hologram storage processes into two
successive steps by using a ‘buffer’ hologram [28], as shown in Figure 8. Data to be recorded
are modulated onto the object beam (1) with the SLM and focused into a long storage crystal.
The object beam travels down the crystal, confined by total internal reflection, and passes into
a buffer crystal, where it interferes with beam (2) and records a hologram. This hologram is
then immediately read with beam (3), the phase—conjugate of beam (2), reconstructing a phase—
conjugate object beam which travels back into the storage crystal. This new object beam can
now be recorded, and then later reconstructed, with beam (4) at one of the storage locations. This
permits all the same angle—, phase—code—, wavelength—, and spatial-multiplexing approaches
used for conventional volume holograms [1, 3].

Holograms can then easily be multiplexed at a large number of separate storage locations using
only one SLM and one detector array. The buffer hologram technique still requires a pair of phase—
conjugate reference beams, although only a single pair which do not need to ever change angle.
Thus the self-pumped phase—conjugate mirror can be used, providing accurate phase—conjugation
and adaptation to system misalignments without requiring the storage system to repeatedly wait for
the PCM reflectivity to build up. Alternatively, the single phase—conjugate reference beam needed
for the buffer hologram could be generated by careful alignment of a counter—propagating beam.
This might have advantages over the self-pumped PCM, for example when implementing the
buffer hologram in a wavelength-multiplexed system or when high modulation depth is required
while recording the buffer hologram. Other advantages of the buffer hologram system include
the ability to align the detector array to the SLM through the buffer hologram without sacrificing
storage capacity. Finally, the strong buffer hologram can be monitored during recording by
diverting, at the beamsplitter, a small portion of the returning phase—conjugate object beam to the
detector while continuing to pass most of the object beam power from the SLM to the media.
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Figure 9: DEMON III holographic storage platform, for testing the use of a buffer hologram with multi-
plexed phase—conjugate readout.

The long-term storage material in a phase—conjugate/buffer hologram system must provide
highly sensitive, non—volatile storage. One candidate is two—color, gated volume holography in
LiNbO3 (see next section). The object and reference beams use long wavelength light (say, red
or IR) which the crystal only absorbs in the presence of short wavelength gating light (green).
The storage crystal can then be made extremely long, the gating light used to activate storage
locations, and stored holograms read out without erasure.

Since this technique for multiplexed phase—conjugate holograms records two holograms for
each stored data page, it would seem to inherently slow down the recording process. However, once
the diffraction efficiency of the buffer hologram exceeds the power efficiency of the original object
beam (typically ~1-10%), then the recording of the storage hologram is actually accelerated.
The buffer hologram does require a dynamic holographic material with high sensitivity, so that
each new data page completely and rapidly overwrites the previous one. However, dynamic
range for multiple holograms, dark storage lifetime, hologram thickness, and optical quality are
less important, and could be traded off during material optimization for more sensitivity. Low
scattering and uniform spatial frequency response are still needed, however, and the material must
be able to tolerate a large number of read—write—erase cycle without degradation. There are several
read—write materials whose strengths and weaknesses fit well here, including photorefractive
polymers [36,37] and bacteriorhodopsin [38].

Erasure of the buffer hologram is preferably induced externally, either with electric field or
an incoherent erase beam. This is particularly true when using the self-pumped PCM, because
while the weak return beam is being used at the buffer material, the strong beam must also be
present. If both beams are present during recording, then the modulation depth at the buffer
material is greatly reduced. When both are present during readout and the material is not gated,
then the erasure of the buffer hologram is greatly accelerated. If the buffer material is gated, then
the PCM can be used upon readout and the strong pump beam safely ignored. For an ungated
buffer material, however, adding buffer readout power—to get a stronger phase—conjugate object
beam for transfer into the long—term hologram—is actually disadvantageous. The benefits of
an initially stronger object beam is outweighed by the faster buffer erasure, so that increases in



buffer readout power end up reducing the amount of object beam energy reaching the long—term
hologram. The best option, in the absence of a gated buffer material, is to write a strong hologram
and read it with as weak a readout beam as is feasible. It is also important to consider the impact
of the erasure induced in the long—term storage material during transfer from the buffer, and the
need to transfer holograms of varying strength within a recording schedule.

We are currently completing a DEMONS test platform to evaluate the phase—conjugate/buffer
hologram technique, using conventional, one—color lithium niobate. The optical layout is shown
in Figure 9. A beam from a Coherent DPSS 532nm laser is expanded and split with various beam
expansion optics to create three beams: an object beam for illuminating the SLM, a reference
beam for conventional spatial- and angle-multiplexing, and a third beam for writing the buffer
hologram. The SLM and CCD are identical to those in the DEMON Il platform. In DEMON lIl1,
however, a 1:1 relay lens delivers the SLM image to the input plane of a short—focal length Fourier
tranform lens, which then focuses the object beam into the 2 x 2mm? aperture of a long LiNbO5:Fe
bar (cut for the 90° geometry). The object beam expands out of the back end of the LiNbO3 onto
the buffer hologram material. The phase—conjugate reference beam for the buffer hologram can
either be provided by a self-pumped phase—conjugate mirror in BaTiO3 [28, 33], or by a second
beam aligned to be counter—propagating. After the object beam is phase—conjugated, it can be
stored in the long LiNbO3 bar with the reference beam. A pair of galvo mirrors provides control
over beam position along the bar as well as horizontal incidence angle.

To date, we have demonstrated pixel-matching of megapel pages in this platform through
a simple biconvex lens of low F/#, despite significant aberrations in the image before phase—
conjugation. These experiments, performed without the lithium niobate crystal in place, have
used both photorefractive polymer material [39] and strontium barium niobate (SBN) as the
buffer hologram material.

We anticipate that the successful use of phase—conjugation in holographic storage will enable
compact and affordable high—capacity systems, with only a moderate increase in the overall
system complexity. However, such systems will require a recording material that supports both
read—write access and non-volatile storage.

Non-volatile, read-write holographic storage media

Photorefractive media—such as lithium niobate, strontium barium niobate, and barium titanate—
have long been developed for holographic storage [6]. These materials react to the light and dark
regions of an interference pattern by transporting and trapping electrons, which subsequently
leads to a local change in index of refraction. The trapped charge can be rearranged by later
illumination, so it is possible to erase recorded holograms and replace them with new ones. The
ability of a photorefractive material to erase through charge re-excitation also results in the un-
desired erasure of stored holograms during normal readout, and even gradual erasure in the dark
through thermal excitation. Recorded holograms can be “fixed”—i.e. made semi—permanent and
resistant to erasure during readout—by separate thermal or electronic processes. However, this
fixing process affects all the stored holograms within a volume simultaneously, and tends to be
slow and cumbersome.

An alternate method for achieving non-volatile storage in photorefractive materials is by
recording at a wavelength of light which is only absorbed by the crystal in the presence of a
third “gating” beam of different wavelength. This third beam is present only during recording
and is switched off while the information is read out, allowing the data to be retrieved without
erasure. This low absorption also allows holograms to be read out through other storage locations,
greatly extending the potential capacity of the phase—conjugate buffer system described above.
Conventional photorefractive materials can be optimized for this gated, two—color recording
process by changing the ratio of lithium to niobium in the compound [40, 41] or by doping
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Figure 10: Typical write-read—erase curve for holographic gratings in LiNbO3 crystals. (a) One—color
scheme, in which an argon ion laser at 488nm, 1W/cm? is used for both writing (two beams) and reading(one
beam). (b) Two—color scheme, in which a laser diode at 852nm (4W/cm? total intensity) is used for writing
and an argon ion laser at 488nm, 1W/cm? is used for the gating step. Nondestructive reading was done with
one of the unattenuated writing beams (2W/cm?) and erasing with the gating light [41].

crystals with two dopants, such as manganese and iron [42,43].

Conventionally, lithium niobate is grown in the congruent melting composition, expressed
by the quantity cr; =[Li]/([Li]+[Nb]) = 48.5%, because the identical compositions of the melt
and the crystal promote high optical quality and large boules. Reduced stoichiometric lithium
niobate shows both one—color sensitivity in the blue—green spectral region ands well as two—color
sensitivity for writing in the near IR and gating with blue—green light [41, 44-46]. From this it
can be seen that the gating light also produces erasure. This is a consequence of the broad spectral
features of reduced or Fe—doped lithium niobate. Considerable progress is envisaged if a better
separation of gating and erasing functions can be achieved by storing information in deeper traps
and/or using wider bandgap materials. Figure 10 compares one—color and two—color writing in
a sample of reduced, near—stoichiometric lithium niobate to illustrate the nondestructive readout
that can be achieved. The gating ratio, the increase in sensitivity of the material in the presence
and absence of gating light, was in excess of 5000 [41]. In general, the higher the gating ratio,
the better the persistence of the stored holograms during readout.

The most important photorefractive properties for two—color holographic data storage are
gating ratio (which measures the degree of non—volatility), sensitivity, M # (which describes the
dynamic range available for multiple holograms), dark decay, and optical quality. Photorefractive
sensitivity for two—color recording in lithium niobate is linear in the gating light intensity, I, only
at low values of I, because of competition between gating and erasing. Hence the sensitivity in
terms of incident intensities S,, can be defined in a similar way to that for one—color processes
as

Vv

S =171 (2)
but for a fixed and reasonably low value of I, = 1 W/cm?. Here I is the total intensity,
is the medium thickenss, and ¢ is the exposure time; this form of sensitivity is usually given
in untis of cm/J. The sensitivity in terms of absorbed power, S,, = S,,/a where « is the
absorption coefficient at the writing wavelength, reveals an interesting way to compare two-
color and conventional one—color materials. In terms of this sensitivity, all the samples we have
studied [41], including the single photon Fe—doped material written at 488nm, are almost equally
sensitive. This suggests that the sensitivity is determined by the amount of light that can be
absorbed at the writing wavelength. So far, the maximum absorption of writing light that we have



found in reduced SLN is 6% for 7, = 1 W/cm?.

There isan interesting difference in the behavior of one- and two-color materials with regard to
dynamic range. In a one-color material, the M# is proportional to the modulation index or fringe
visibility of the optical interference pattern, m = 2v/I1I5/(I; + Is). However, in a two-color
material, the writing light (I; + I2) does not erase the hologram and the M# is proportional to
Vv I115. As aresult, for object and reference beams of equal intensity, the M# is proportional to
the writing intensity. While this provides a general way of increasing the dynamic range in a
two-color material, the writing power requirements in the present material system become rather
high in order to achieve a substantial increase in M#.

Instead of amplifying the role of the intrinsic shallow levels with stoichiometry, an alternative
scheme for implementing two—color holography in lithium niobate is the introduction of two
impurity dopants [42,43]. One trap, such as Mn, serves as the deep trap from which gating
occurs, while a more shallow trap such as Fe, provides the more shallow intermediate level for
gated recording. While this scheme provides more opportunities for tuning through choice of
dopants, in general it is difficult in LiNbOs to separate the two absorption bands enough to
provide high gating ratios and thus truly non—volatile storage. In addition, while M # improves
monotonically with writing intensity for stoichiometric lithium niobate, with the two-trap method,
M# is maximized at a particular writing intensity, thus creating the potential for an undesirable
tradeoff between recording rate and dynamic range.

Gated, two—color photorefractive materials have received much attention over the last three
years. These studies have led to improvements in both the sensitivity and dynamic range of
the materials, increasing both the speed with which data can be written and the capacity. Further
improvements, however, are still needed before prototype read—write holographic storage systems
can be built.

Conclusions and outlook

Holographic data storage has several characteristics that are unlike those of any other existing
storage technologies. Most exciting, of course, is the potential for data densities and data transfer
rates substantially exceeding those of magnetic data storage. In addition, as in all other optical
data storage methods, the density increases rapidly with decreasing laser wavelength. In contrast
to surface storage techniques such as CD-ROM, where the density is inversely proportional to the
square of the wavelength, holography is a volumetric technique, making its density proportional
to one over the third power of the wavelength. In principle, laser beams can be moved with no
mechanical components, allowing access times of the order of 10 microseconds, faster than any
conventional disk drive will ever be able to randomly access data. As in other optical recording
schemes, and in contrast to magnetic recording, the distances between the “head” and the media
are very large, and media can be easily removed. In addition, holographic data storage has shown
the capability of rapid parallel search through the stored data via associative retrieval.

The research efforts of the last few years have demonstrated that holographic storage systems
with desirable properties can be engineered and built in the laboratory. However, existing and
other developing storage technologies also continue to evolve and improve at a tremendous pace,
making the next few years crucial for holographic storage. The next steps are to optimize the
storage media, to demonstrate these systems outside the laboratory environment, and to design
and build systems that are cost—competitive with existing technologies.

If suitable recording materials become available from the research efforts currently under way,



read—write holographic memory may very well become a reality.
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Figure 1: How to record and read data using holograms: (a) Holographic storage
of a single data bit. The spherical wave from a single pixel interferes with a coherent plane wave in the
reference beam. The resulting interference pattern changes the refractive properties of the photosensitive
medium. (b) The hologram is read out using the original reference beam, which is diffracted by the stored
interference pattern to reconstruct the original spherical wavefront. An image of this beam can be formed
on a single detector pixel, resulting in the retrieval of a single bit. (c) The hologram can also be read out
by illuminating it with a counter—propagating (or “phase—conjugate”) reference beam, which reconstructs a
phase—conjugate copy of the original object beam. This beam returns to its original point of origin, where
the bit value can be read without requiring a high—quality imaging system.
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Figure 2: Data are imprinted onto the object beam by shining the light through a pixelated input device
called a spatial light modulator. A pair of lenses image the data through the storage material onto a pixelated
detector array, such as a charge—coupled device (CCD). A reference beam intersects the object beam in the
storage material, allowing the holograms to be stored and retrieved later.
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Figure 6: A 9x9 pixel pattern is imaged from SLM to CCD (a) under perfect conditions; (b) with
half-a—pixel offset in both = and y; (c) after post—processing with the shift-compensation algorithm [22].
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Figure 7: Dependence of raw—BER (with an 8:12 modulation code [12]) before and after shift—
compensation post—processing, as a function of x shift [22].
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Figure 8: Phase-conjugate holographic storage system using a buffer hologram A temporary buffer
hologram is recorded by an object beam containing the data from the SLM (1) and a reference beam (2).
This hologram is illuminated with a phase—conjugate beam (3), reconstructing the phase—conjugate of the
original object beam, which is then stored permanently with a spatial- and angle-multiplexed reference
beam (4) [28].
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Figure 10: Typical write-read—erase curve for holographic gratings in LiNbO3 crystals. (a) One-color
scheme, in which an argon ion laser at 488nm, 1W/cm? is used for both writing (two beams) and reading(one
beam). (b) Two—color scheme, in which a laser diode at 852nm (4W/cm? total intensity) is used for writing
and an argon ion laser at 488nm, 1W/cm? is used for the gating step. Nondestructive reading was done with
one of the unattenuated writing beams (2W/cm?) and erasing with the gating light [41].



