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Abstract

The focus of this thesis relates to issues of concern for rewritable holographic memo-
ries. primarily the volatility of recordings made in photorefractive ervstals. which are
the most likely class of materials to be used for such applications. Holograms written
in such crystals tend to gradually decay under illumination. leading to the loss of
information. We examine two candidate approaches for dealing with this problem of
volatility: the dual wavelength method and the periodic copying technique. We also
investigate various potential system architectures for dvnamic holographic memories.

[ Chapter 2 we analvze the dual-wavelength method. which makes use of different
wavelengths for recording and readout to reduce the grating decay while retrieving
data. DBragg-mismatch problems from the use of two wavelengths are minimized
through recording in the image plane and using thin crvstals. We combine peristrophic
multiplexing with angle multiplexing to counter the poorer angular selectivity of thin
crystals. We successtully store 1000 holograms in this manver and demonstrate a
significantly reduced decay rate. However. we find that dark conductivity reduces the
effectiveness of this method for nonvolatile readout. and constraints placed on the
usable pixel sizes limit this method to moderate storage densities.

In Chapter 3 we exainine the periodic copving t.(»('lmiqu(‘. in which a stored set of
holograms is intermittently refreshed to preveut the loss of any information. We show
the necessity of using a fixed-time recording schedule with such svstems and derive
optimum exposure times for maximizing storage capacity. Our analvsis includes both
purely refreshed memories and memories with active erasure and rewrite capabilities.

From our research in the preceding two chapters. we find periodic copying to be
the more complementary of the two approaches. and in Chapter 4 we proceed to study
possible memory system architectures that could incorporate the copving technique.
We seek to do this while decreasing the system size and increasing the access speed

over that of typical holographic systems that have been demonstrated thus far. We
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find that we can design a compact lensless memory by using the phase-conjugate
readout method in combination with a smart-pixel array that combines the functions
of a spatial light modulator and detector array. Rapid random access speeds can
be achieved by using laser arrays such as VOSELs (vertical-cavity surtace-emitting
lasers). We calculate the optimum storage density of this model to be 160bits/cm? of
svstem volume.

In Chapter 5 we present experimental results from combining the periodic copving
techuique with conjugate-readont architectures and demonstrate the operation of
a prototype version of the smart-pixel array described earlier. We show that the
conjugate readout method vields reconstructed image fidelity at least as good as can
be obtained by high-quality imaging svstems. We also show the successful refreshient
of 25 holograms for 100 cveles with no errors and no appreciable deterioration in
image quality. Comparisons with the predictions from Chapter 3 indicate consistency
between theory and experiment.

Finallv in Chapter 6 we summarize our results and discuss future work to continue

this research.
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Chapter 1 Introduction

Holography was first discovered by Dennis Gabor in 1948 [1]. when he proposed a
method for recording and reconstructing a wavefront in a manner that preserved the
phase information of the original wave. The fundamental principle of holography
is that when two coherent beams of light interfere with one another. the resulting
intensity interference pattern uniquely characterizes both the amplitude and phase
of the two beams. By placing an appropriate material at the point of interference,
a recording of the intensity pattern can be made. This recorded grating. which is
referred to as a hologram. has the property that if it is subsequently illuminated
byv cither of the beams that was used for recording, the hologram causes light to be
diffracted in the direction of the second writing beany. containing both amplitude and
phase information of that original beam. so that to an observer it appears as if the
source of the second beam is still there. Normally we refer to the information that
we wish to record as the “signal™ and the second interfering beam as the “reference.”

The initial work done by Gabor and others [2 5] in the carly stages of research
used in-line holograms, which meant that the diffracted light contained both real and
virtual image components. reconstructed simultancously and along the same direc-
tion as the transmitted reference beam. resulting in poor image fidelity. A significant
improvement was made in the early 1960°s. when Leith and Upatnieks [6 8] demon-
strated off-axis holography. whereby the interfering beams were angularly offset to
allow the various diffracted components of the output light to be spatially separated.

The early work in holography was done using thin recording media, primarily
photographic film [9.10]. These holograms were essentially planar. and thus relatively
insensitive to changes in the angle of the readout beam. The development of 3-D
volume holography in 1962 by Denisyvuk (11} improved the guality of the reconstructed
images by taking advantage of Bragg effects [12] to attenuate the unwanted conjugate

component of the reconstructed image. This also made it possible to record multiple
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holograms within the same volume of material. Unlike in planar holograms. wave-
coupling effects must be considered in thick media. Kogelnik [13] first developed the
coupled-wave theory for volume holograms in 1969. predicting diffraction efficiency
aud Bragg selectivity for thick gratings. Further work examined the theory applied
to the regime between thick and thin holograms [14 20].

Research in volume holography eventually led 10 the idea of using holograms for
optical data storage. Van Heerden examined the potential storage capacity of this
technology and found the theoretical limit to bhe on the order of V/A* [21] (where
Vo is the volume of the holographic medium and A is the wavelength of light) — or
equivalently. a storage density limit of about one bit per cubic wavelength. Aside
from the promise of high densities. holographic memories also held the attraction of
massive parallelism. Instead of storing only one bit at cach spatial location. a large
2-D data array could be written or read with cach page access. potentially transferring
megabits at a time.

However. the lack of efficient input and readout devices for such arrayvs at the time,
as well as the problem of obtaining appropriate lasers. made it difficult to achieve a
practical holographic memory svstem. There was some carly work in holographic
storage [22 25 demonstrating capacities as high as 500 holograms [26]. But it was
not until the development of more advanced components (e.g.. liquid crystal spa-
tial light modulators. detectors. lasers. and holographic media) that more ambitious
projects were undertaken. Recent work has shown the ability to store and retrieve
wany thousands of holograms [27 29]. Much of the progress that has been made can
he attributed to advancements in our understanding of wavs to take advantage of
the Bragg selectivity of 3-D recording to multiplex holograms. as well as continued

research in holographic material properties and dyvnamics.

1.1 Multiplexing methods

When a hologram is recorded in a thick volume medium. the reconstructed image

on readout is highly sensitive to changes in the readout beam. Phase mismatches
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between the diffracted light contributions from different portions of the grating vol-
ume can lead to destructive interference effects and attenuate and/or distort the
output reconstruction. While this can be a detriment in some applications. it is the
phenomenon which allows us to superimpose many holographic gratings within the
same volume of material. If the reference bheam is modified sufficiently to attenuate
the diffraction from previously stored holograms to 2010 (or near zero). then a new
hologram can be written at that same location with the new reference.

Over the vears. many multiplexing methods have been developed.  Aside from
simply recording in different arcas of the medium (spatial multiplexing). approaches
for storing multiple holograms at the same location include using angle 30, wave-
length 31 35]. phase-code [36 42]. fractal [43. 44]. peristrophic [45]. and shift [46]
multiplexing techniques.

Probably the most widely used approach is angle multiplexing. in which the angle
of the reference heam is tilted between each recorded data page. As the angle of the
reference 1s deflected from the angle that was used for writing a particular hologram,
the diffracted field amplitude drops off with a sine variation (sinc(r) = sin(wr)/7e)
with the angular deviation from the Bragg coudition. The first null of the diffracted

intensity occurs at an angular tilt of

A cosf
Af = = .,___.______"_ 1.1
L sin(d, +6,) b

where A is the laser wavelength. L is the grating thickness. and 6, and 6, are the
incident signal and reference beam angles. respectively [47]. This Bragg selectivity is
most sensitive in the 907 recording geometry (6, = 0°, 6, = 90°) [48]. For example,
in the case of a lem-thick cryvstal and a wavelength of 500nm. the angular spacing
necessary between adjacent holograms is less than 0.003°. This enables thousands
of holograms to be multiplexed within a deflection of a few degrees of the reference

bean.
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1.2 Photorefractive materials: Dynamic range

Similar to other storage technologies. holographic svstems can take the form of
“read-only memories™ (ROM). “write once read many™ (WORM) svstems, or dy-
namic read /write memories. The two commonly used storage materials are polviner
films [19 56] and photorefractive crystals.  NMost polvimers are suited to RON or
WORAI devices due to the essentially permanent nature of their recording mecha-
nisn. Photorefractive crystals are more versatile in that thev can be used as the
storage medium for both read-only and read/write memories. Holograms in such
materials can also be recorded in real time. without the need for any post-processing
or developing. However. maintaining long-term storage in these materials poses a
problem due to the volatility of the stored gratings.

The potential of photorefractive crystals as holographic recording materials has
been investigated since the ecarly sixties [57 59]. Typical photorefractive materials
include lithinm niobate {LINDO3) [60-62]. barium titanate (BaTiOy) 63 66], and
strontium  barium niobate (SBN) [67 69]. A considerable amount of rescarch has
been conducted in analvzing the dvnamics of the grating formation in photorefractive
materials [70 81]. The most widely accepted theory is the band transport model

developed by Kukhtarev [82].

Aq[1-exp(-t/1,)] A,

grating amplitude

Figure 1.1: Exponential recording and erasure behavior of holograms in photo-
refractive cryvstals.
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The time response of writing and erasing holograms in photorefractive materials
is modeled as shown in Figure 1.1. The grating amplitude A of a hologram as it is

recorded grows exponentially as

where A, is the grating amplitude at saturation and 7, is the writing thine constant.

The hologram decavs under illumination as
Al = AV (1.3)

where A; is the initial amplitude of the grating when erasure begins and 7. is the
erasure time constant.,

Because the initially written holograms decav as subsequent holograms are added
at the same location. multiplexing many holograms at a single location ordinarily
involves using an exposure schedule [83] in which the first hologram is written for
the longest time. and the exposure for cach following hologram is gradually reduced.
This vields an equalized grating strength for all of the holograms at the end of the

recording process, cach with diffraction efficiency 5 given by

_(M#Y
)= Vi . (1.-1)

Here we define diffraction efficiency as the diffracted signal intensity divided by the
readout reference beam intensity. In the above equation. A/ is the number of holo-
grams stored. and M /# [81] is a parameter which characterizes the storage capacity
of the syvstem and the recording and erasure dyvnamics of the medium. and is defined
as

A7

M/ = 2
/7 A7,

(1.5)

We often use the M/# as a figure-of-merit for the dyvnamic range of a particular stor-
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age syvstem. The Targer the M/#. the more holograms we may store in the material.

1.3 Volatility in photorefractives

Unfortunately. a fundamental problem that arises when a photorefractive crvstal is
used as the recording material in a holographic memory is that the recorded gratings
continue to decay when illuminated by the readout beam.

The physical mechanism behind this behavior is illustrated in Figure 1.2, During
the initial recording. the interference of the signal and reference heams causes elec-
trons to be excited into the conduction band in the bright regions of the interference
pattern. leaving behind positively charged donor ions. These excited electrons arve
then free to move about by diffusion and drift until they enter a dark region of the
interference pattern where theyv lose the light excitation and fall back to the dopant
traps. This results in a charge separation of ions and electrons and a space charge
distribution that mirrors the intensity variation during recording. The local space
charge field induced by the charge separation causes a corresponding change in the
local refractive index through the electro-optic effect and is the grating which we call
the hologram. The problem is that when we read out the hologram by illuminating
it with the reference beam. the trapped electrons that constitute the desired space
charge distribution of the grating are re-excited by the incident ilhunmination. and they
will gradually drift back toward the ionized donors. leading to the degradation of the
previously stored hologram.

Several methods have been developed to address this problem. Thermal fixing
185 89 transfers the stored grating from the electronic grating to an ionic grating by
temporarily heating the crvstal. and thus allowing ions 1o move to compensaie the
electronic grating. After the crystal is cooled. the electronic grating may be erased.
thus revealing the now immobile (and nonvolatile) ionic grating. Electrical fixing
190.91] uses a similar idea to transfer the grating to electric domains in ferroelectric
crystals by applyving a depoling electrie field to the material. Two-photon techniques

(92 94] require excitation from two simultancous light sources to induce recording. but
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Figure 1.2: Photorefractive recording and readout mechanics.
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can be read out with a heam at one wavelength to which the material is nonvolatile. In
this thesis. we will examine two alternative approaches. the dual-wavelength method

[95 98] and the periodic copyving technique [99-102].

1.4 'Thesis overview

The focus of this thesis is the techniques and architecture related to a read/write
holographic memory based around a photorefractive storage medium. For such a
purpose. the methods that we examine for dealing with the photorefractive volatility
should not alter the nature of the holograims in any way that prevents us from changing
the holograms at a later time.

In Chapter 2 we analvze the dual-wavelength method in which holograms recorded
with one wavelength of light are read out with a different wavelength at which the
crvstal is less sensitive. in an effort to reduce the readout decay. This approach
has been studied in the past. but almost exclusively in the Fourier-plane recording
geometry in which Bragg-mismatch effects from using two wavelengths requires some
fairly complex approaches to recovering the full stored data page. In our approach.
we are able to use ordinary plane waves to recover the full data set by recording in
the image-plane geometry and constraining the crvstal thickness. We demonstrated
the storage of 1000 holograms with this method.

[u Chapter 3 we investigate periodic copyving. another approach to compensate
for the photorefractive decay. in which holograms are dvnamically refreshed when
necessary to avold the loss of data. Here we focus on issues related to exposure
schedules for copyving and examine their impact on the storage capacity of svstems
that use this technique.

With a means of dealing with the volatility issue of photorefractives while pre-
serving the dyvnamic nature of the medium. we can then examine the feasibility of
a holographic read/write memory. In Chapter 4 we will address a munber of issues
concerning this type of memory such as the svstem size, speed. and storage density.

and consider ways 1o raise them to a competitive level with more conventional storage
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technologies. The resulting memory architecture that we describe should offer bet-
ter performance compared to magnetic disks but at a lower cost than semiconductor
DRAAL

In Chapter 5 we present experimental results from preliminary tests of setups
incorporating aspects of the memory architecture discussed in Chapter 4. working
in concert with the periodic copving technique of Chapter 3. We demonstrate the
successful operation of a compact. lensless. holographic svstem. and the ability to
sustain a set of angle-multiplexed holograms through cyclical refreshing of the data

pages.
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Chapter 2 Dual-Wavelength Method

The cause of the gradual decay of holograms in photorefractive materials during
readout is the re-excitation of the trapped electrons that make up the space charge
grating of the hologram by the illumination of the read beam. This excitation of the
electrons into the conduction band of the medium allows the charges to redistribute
themselves: and because of the space charge field of the original holograms. the forces
of drift and diffusion create a tendency for the free electrons to compensate the exist-
ing gratings. thus weakening the space charge field and the corresponding refractive
index modulation.

Since the decay arises from the photoexcitation by the rcad beam. a natural
question would be whether or not it is possible to reduce the level of excitation by
changing the readout light to a wavelength to which the photorefractive crvstal is
less sensitive — typically a longer wavelength, because of its lower photonic energy.
Hence. if a ervstal has an absorption spectrum with a substantial variation as a
function of wavelength. then by recording at a wavelength A, at which the crvstal is
highly absorptive aud reading out at a second wavelength A, at which the crystal is
relatively inabsorptive. we would expect to be able to reduce the decay of the gratings
caused by the readout illumination. In this chapter we examine the potential of the
dual-wavelength method as a solution to the volatility problem and experimentally

demonstrate the long term storage of 1000 holograms with this approach.

2.1 Dual-wavelength readout of plane-wave holo-
grams

Implementing the dual-wavelength method is straightforward for a single grating, Fig-
£ 5 £ £

ure 2.1 shows the dual-wavelength configuration for a number of standard recording
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Transmission:

grating vector

Reflection:

Figure 2.1: The dual-wavelength scheme in (a) transmission. (b) reflection. and (c¢)
90° geometries with the corresponding h-space diagramn for Bragg-matching a single
grating.
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geometries (transmission. reflection. and 90°). along with their corresponding h-space
diagrams. A grating is recorded in the usual manner. with signal and reference beams
at the first wavelength A, We reconstruct this grating at the second wavelength A,.
by introducing the readout beam at a tilted angle with respect to the recording ref-
erence beant. We assumie that the wavevectors of all the beams lie in the horizontal
(r-z) plane. Bragg-matched readout oceurs when the readout beam is positioned such
that the grating vector lies at the intersection of the two A-spheres.

We will focus on the transmission geometry in the following analvsis. To achieve
Bragg-matched readout in this geometry. the folowing relationships must be satis-

fied [97):

sm[—;(o\, + o) _ sin[é(()\,, +0,)] 2.1)
Ay Al

o — 0y = 0, — 0. (2

[
[N

In the above. 8, and 6, are the reference and signal beam angles. respectively, at Ay,
and ¢, and o, are the reference and diffracted signal beam angles at A,. All angles
and wavelengths are defined inside the crystal, with angles measured with respect to
the z-axis (the normal to the crystal face) as illustrated in Figure 2.2.

While we can casily Bragg-match a single grating. when a hologram of an image
consisting of many plane wave components is recorded. it is generally impossible to

match the entire spectrum simultaneously using a single plane wave readout reference.

2.2 Dual-wavelength readout of a complex signal

Recording an image that consists of many plane wave coniponents can be represented
in f-space by a cone of signal vectors that interferes with the reference beam to
record a cone of grating vectors. as shown in Figure 2.3(a). When we attempt to

reconstruct the signal with a reference at Ay only the gratings that lie on the cirele
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crystal

Figure 2.2: Transmission recording geometry with Bragg-matched readout at a second
wavelength.

of intersection between the two A-spheres are exactly Bragg-matched. Hence. only an
arc of the signal cone will be strongly reconstructed.

The diffracted intensity. g of the hologram reconstruction at Ay varies as [103]

[diﬂ ~ SU!(‘2 [%AA;} . (23)
o
where Lis the ervstal thickness and Ak, is the paramerer that determines the degree
of Bragg-mismaich. For a plane wave component in the signal beam whose b-vector
lies in the -2 plane and is offset from the central DC component by A#,. the Bragg-
mismatch M. can be calculated from the geometry of Figure 2.3(b). shown in greater
detail in Figure 2.4,

The recorded grating vector kg has o and 2 components

Y

ke = —[sin(f, + N, + sing,] (2.4)

A

b = —[cos(f, + A0,) — cos0,]. (2.5)

43

Upon readout with the second wavelength. the incident reference and diflracted signal
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circle

(b)

Figure 2.3: A-sphere diagram for the dual-wavelength transmission geomerry with a
complex signal (asswines Ay > Ay).
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Recording Readout

Figure 2.-4: Recording and readout vectors for determining Bragg-mismatch.
vectors (k; and kg. respectively) will have components

21

kip = ~—sino, (2.6)
9
27 ,

hio = -—T-(:osc‘),,, (2.7)
9

kgr = ki + kg.r (28)
L

kas = kG — b (2.9)

from which we can calculate the Bragg-mismatch parameter, Ab, = by + by — k..

After making the necessary substitutions. we get

Ak, = o 4 (080 o8l + A0,) = cos(l)
A N
[/ 1\2 s - / -
— _l__, _ SHY Gy _ S11) 0, 5111(()‘\; + A()s) (21())
If Af, = 0 and Equations 2.1 and 2.2 are satisfied. then Ak, = 0 and /47 is maximum.

As Ad, increases. the diffracted power decreases.

For simplicity. let us consider the range of reconstructed signal components to be
those that lie within the main lobe of the sine envelope function of Equation 2.3.
In practice. the usable range will be slightly narrower. because there will be some

minimum detectable intensity threshold which limits us before we reach the first null.
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There will also be faintly reconstructed sidelobes outside of the main lobe. We neglect
variations normal to the plane of interaction between the signal and reference beams
(the y-direction in Figure 2.3) - 4.e.. we approximate the reconstructed arc to be
a straight line. which is reasonable for signal cones with small angular bandwidths.
Equating Ak, to 27/L and solving for Af, vields the angular location of the first null
of Equation 2.3 within the signal cone. If we make the approximation that Ao\, < L
(which is almost always true for the wavelengths and crystals that we use in practice).
then the angular bandwidth of the main lobe of the sine function can he approximated

by

AL COS Oy v
sin Aby, =~ 2.11
RS Lsin{o, —0,) ( )

Af,, is the usable bandwidth of the signal cone in the -2 plane. Note that the
readout angles. ¢, and o,. are not independent variables  they are both determined
by the recording beam angles. 6, and ,. and wavelengths. A, and A,, as calculared
from Equations 2.1 and 2.2. Also note that once we select A, A, and the recording

angles. we can still make the signal bandwidth arbitrarily high by decreasing L.

2.3 Reconstruction effects

The effect on the reconstructed image of limiting the handwidth of the signal cone

depends on whether we record the holograms at the Fourier plane or image plane.

2.3.1 Fourier-plane holograms

We first consider the case of recording in the Fourier plane (Figure 2.5(a)). When
we record in the Fourier plane. cach plane wave compouent of the signal beam
entering the crvstal corresponds to a spatial location (pixel) on the input image.
Hence. if we reconstruct only a limited angular bandwidth A6, of the signal cone
in the w-dimension. we expect to reconstruct a strip of the image, limited in the

r~dimension.  An example of such a reconstruction is shown in Figure 2.5(b) for
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¥ ‘, F o ¥ : F

reconstruction

Figure 2.5: Fourier-plane recording: (a) system setup, (b) comparison of input image
and reconstruction at Ay, and (¢) reconstructions with three slightly detuned angles
of the Ay reference beam ([y).
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Aj=488nm. A,=633nm (wavelengths in air), and L=4.6mm. In the figure we see a
slight arc in the reconstruction due to the Bragg mismatch in the y-dimension as well
as side lobes from the sine modulation in the z-dimension. The curvature that is
experimentally observed is due to the fact that the intersection of the two k-spheres
in Figure 2.3 is a circle and a small arc of this circle is spanned by the signal cone.
This effect was neglected in the above derivation (Equations 2.10 to 2.11).

From the svstem geometry. we can derive the width 1. of the reconstrucred
image strip. measured at the plane of the input object. Keeping in mind that A6,
is measured inside the crystal medium, we obtain

2Fn sin Ad,,

W= = ) (2.12)
\/1 — n?sin” A,

where Fis the focal length of the Fourier transtorming lens and 7 is the refractive
index of the material at ;. We assume the crystal to be in air and the central
compounent of the signal beam to be on axis. For signals tilted from the crystal normal.
Equation 2.12 must be adjusted for variations due to Suell’s law. In Figure 2.5(¢) we

show how the entire image can be sequentially scanned by changing the angle of the

readout reference to reveal different portions or strips of the stored image.

2.3.2 Image-plane holograms

Recording in the image plane (as shown in Figure 2.6(a)) is analagous to recording
in the Fourier plane, except that in place of the input image we would have its
Fourier transformn. Therefore. instead of reconstructing a strip of the mage. we
reconstruct a “strip” or band of the frequency spectrum of the image. If we position
the readout reference to Bragg-match the DC component of the image. the resulting
reconstruction will be a low-pass filtered version of the original in the r-dimension.
Figure 2.6(b) compares the reconstruction at A,=633nm to that obtained by the
original (N, =488um) reference.

Note the blurring of the edges in the r-dimension that results from the loss of the

high-frequency components of the input signal in that direction. The angular spread
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Figure 2.6: Image-plane recording: (a) system setup, and (b) comparison of input
image and reconstruction at As.

« of the light diffraction due to the aperture of a pixel of width ¢, is

A
sin v = >-l (2.13)
(IIT

We equate « to Aby, in Equation 2.11 and solve for §, to obtain a rough estimate for
the minimum pixel width d, ., that can be reconstructed by the second wavelength,

and we obtain,

_ Lsin(¢, —0,)

é:l;,rmln -

2.14
COS ¢ ( )

Similar to the Fourier case. we can also scan the reference beam to bandpass different
b
frequency components of the original image.

A number of solutions have been proposed for the Bragg-mismatch problem of
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the dual-wavelength scheme. Most have dealt with Fourier-plane recording, such as
using spherical readout beams [95] to Bragg-mnatch a larger range of the signal cone
or interleaving strips from adjacent holograms [97] in order to continue to read large
pages. We can also recover all the necessary information by recording in the image
plane. without the added complexity of the above methods. if we adjust the system
parameters according to the resolution of the images that we wish to store.

From Eguation 2.11 we sce that we can increase Afg, byv:

L. reducing crvstal thickness. L.

2. using wavelengths Ay and A, that are closer together, or

3. reducing the angle between the signal and reference beams.

Figure 2.7(a) shows a reconstruction of a random pixel pattern with four regions
of different pixel sizes, from 50pm to 200um square. recorded in a crystal of thickness
L=4.6mm. The recording parameters were X|=488nm. A,=633nm, , = 0°. and f, =
11.6°. which correspond to a theoretical minimum acceptable pixel size of 0, ., ~
140um.

From the figure we see that while there is always some edge-blurring in the r-
divection. we can still easily distinguish between on and off’ pixels for the 150pm
and 200pan pixels. but we get a progressive loss of detail for smaller pixel sizes.
Figure 2.7(h) shows how the signal-to-noise ratio (SNR) of the inages varies with the

pixel size. Here we defined SNR as

o oo

S',/VR = %
Vi + g

—~
|8
j—
Tt

~—

where jiy4 and o7, are the mean and variances of the on (1) and off (0) pixels.
Depending on the application. we can choose the pixel size in order to achieve the
desired SNIR. However. if the application precludes increasing the pixel size. we may
instead increase the SNR by reducing the thickuess of the crystal medium.

Figure 2.8 shows two image-plane reconstructions at 633nm of the same pattern

one recorded in a LGnun-thick erystal and another in a 0.25mm-thick crvstal (both
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Figure 2.7: (a) Reconstruction of a data mask with pixel sizes varying from 50pm
to 200um square recorded in a 4.6mm thick crystal, recorded with A}=488nm and
read with A,=633nm. (b) Plot of SNR vs. pixel size from the image in (a), com-
pared with SNR measured from the data mask imaged through the crystal and when
reconstructed with the original \; reference (images not shown).
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written with 488nm). Using the same recording geometry as was used for Figure 2.7.
the theoretical &, (from Equation 2.11) for the thinner crystal is 7.64un compared
to 140pm for the thicker cryvstal.

The difference in the recovered resolution is evident in the figure. where the re-
construction from the thinner crvstal preserves the higher spatial frequencies, so that
the edge-blurring is hardly noticeable. Rectangular pixels were used for these im-
ages to demonstrate that. as expected. the pixel-size limitation is only in the -
dimension: even the thicker crystal reconstructs high spatial frequencies cleanly in

the y-dimension.

2.4 Related issues

Applving the dual-wavelength method to a syvstem does add some complexities.

2.4.1 Multiplexing

The main problem that results from using thinner crystals is a loss in the angular

selectivity. The first null of the angular selectivity function is given by [47].

!

. ‘)
A¢ = —=

Lo Cos o,
L sin{o, + o)

, (2.16)

where Ao is the angle outside the cryvstal by which we must rotate the reference
heam (or alternatively. rotate the crvstal) to reach the first null. X, is the readout
wavelength outside the crystal. and ¢, and o, are the beam angles inside the crystal.
Since the selectivity is inversely proportional to the cryvstal thickness L. changing
to a thinner crystal reduces the munber of angular locations at which we can store
holograms. Therefore, there is a trade-off between the usable signal bandwidth and
the number of holograms that can be angularly multiplexed at one location.

One way to maintain a high geometric capacity is to combine different multiplex-
ing methods. We can continue to store a large number of holograms in a thin medinm

by using peristrophic multiplexing [45] in addition to angle multiplexing. For peri-
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Figure 2.8: (a) Reconstruction of a data mask with pixel widths varying from 100um
to 250um, recorded in a 4.6mm thick crystal, and (b) the same image reconstructed
from a recording in a 250pm thick crystal.
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Figure 2.9: Peristrophic multiplexing method.

strophic multiplexing we rotate the crvstal about the normal to its surface as shown in
Figure 2.9. This causes the reconstructions from adjacent holograms to be spatially
separated at the Fourier plane. so that we may selectively pass a single hologram
by placing an aperture at this planc. The peristrophic selectivity for image-planc
recording is given by

20

A= ———— — {(2.17)
Oy (5in @y + siné,)

where A is the angle by which we must rotate the crvstal around its normal between
peristrophic locations. and 4, is the pixel size in the y-dimension. What is important
to note from this equation is that this selectivity is independent of the crvstal thickness
L. So while we suffer in angular selectivity by using thinner crvstals, the peristrophic
sclectivity remains unchanged: hence. this multiplexing technique is well suited for

thin materials.

2.4.2 Exposure schedule

Unfortunately. peristrophic multiplexing introduces a new problem of its own. Un-
like with photopolvmers. with which peristrophic multiplexing was originally demon-
strated. the recording behavior of photorefractive crystals depends on the orientation
of the cryvstal with respect to the gratings being written. Therefore. as we rotate the

beams or the ervstal. the recording efficiency of cach location will change. A related
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problem is the possibility of observing double-gratings [104] if the polarizations of
the recording and/or readout beams are not maintained in alignment with the or-
dinary or extraordinary axis of the cryvstal as the crvstal is rotated peristrophically.
This could be done by using circularly polarized beans and attaching polarizers in
front of the crvstal: however. for small peristrophic rotations it is sufficient to use
fixed polarizations relative to the plance of interaction. Experimentally. no secondary
reconstructions were observed for peristrophic rotations of less than 10°.

Figure 2.10 shows experimental plots of writing slope (the time derivative of the
square root of diffraction efficiency during recording. A4,/7,.) versus crystal rotation
for peristrophic and angular tilts of the crvstal in the image-plane geometry setup
shown in Figure 2.12. As expected. the recording efficiency drops oftf quickly as the ¢-
axis of the crystal is rotated away from the direction of the grating during peristrophic
rotation. The variation with angular tilt does not peak when the signal and reference
beams are svmmetrically oriented around the cryvstal normal as might be expected.
This asvmmetry is due to additional contributing factors such as variations in Fresnel
reflections and changes in the shape of the hologram interaction region inside the
crystal as the cervstal is tilted in angle.

The conventional exposure schedule [83] for recording multiple holograms with
equal diffraction efficiencies assumes that all holograms develop in amplitude at the
same rate, characterized by a uniform writing slope. 4, /7,.. Because A, /7, varies with
the recording position in our case. we must derive a new schedule that compensates
for the variation in recording behavior.

We model the recording and erasure behavior as shown in Figure 2.11. Each holo-
gram is assumed to have a unique writing slope (4, /7). where i is the hologram
number. but all holograms are assumned to share a common erasure time constant
7,. Il all holograms decay at the same rate. then in order to maintain uniform final
diffraction efficiencies. we must only ensure that cach new hologram is written to the

yoint that its grating streneth equals that of the previously written holograms as thev
g g & | . & .
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Figure 2.10: Variation of the recording slope (A,/7,) with peristrophic and angular
crystal tilts,
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Figure 2.11: The model for determining the compensated exposure schedule allows
variation in recording rate at cach location. but assumes that all holograms share a
common decay rate.

decay, We can write this requirement as

A= A

- T - /'. N 1 /T fa
A__L).,”(] — Lo [ Tor2n )( L1 /T - A~1(),711'-~l (l S Lt/ Twoom ) (_)18)

where, for the mnth hologram. A, is the grating amplitude. A,,, is the grating am-
plitude at saturation, 7., 1s the writing time constant, and ¢,, is the exposure time.

Solving for t,, we get

40 m

Soandb o,/ b 1 Tk ¢

fm = —Tu.n [“ 1 - 1 € 5 (l — H ”) (.2]9)
“Aoan

which gives us an iterative formula for calculating all of the recording times. given
an exposure time for the last hologram and assuming that we know all of the writing
time constants and grating saturation amplitudes for the various locations.

If we make the approximation that t,, < 7, ,. then this simplifies to

(‘“1(1/"('!17)[7"1' 1

y (l” ’Tf 0 .
b = =y (2.20)
(A() Tao )i
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Figure 2.12: System setup used for the dual-wavelength experiments.

for which we only need to know the relative magnitudes of the writing slopes. which
we can obtain from the plots of recording slope versus crystal position in Figure 2.10.
Equation 2.20 differs from the conventional schedule by the ratio of writing slopes. It
can be shown that it is slightly better to record the holograms in order of decreasing

Ao/ 7w but the difference is marginal.

2.5 1000-hologram experiment

Figure 2.12 shows the experimental setup used for the dual-wavelength image-plane
architecture. It consists of two 4-F systems to image the input object through the cryvs-
tal and onto the CCD detector. with two separate beam paths for the recording and
readout reference arms. We used Ay =488um polarized out-of-plane for recording and
A,=033nm polarized in-plane for readout. provided by an argon ion and helium-neon
laser. respectively. The photorefractive crvstal was a LiNDOg:Fe (0.015%) crystal.
4.6mm thick. cut from a boule obtained from Crystal Technology. Inc. The crvstal

was mounted on two rotation stages  one to provide angular tilt and the other for
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peristrophic tilt. The angle hetween the recording signal and reference heams outside
the crystal was 28.3°. The signal beam was on axis and the crvstal c-axis was in the
-z plane. The ~origin™ around which the angular and peristrophic rotations were
referenced was where the crystal was positioned such that the e-axis coincided with
the @-axis.

The measured angular selectivity for this geometry was Ao = 0.035° for the first
null using the 633nm reference for readout. In the experiment we used angular offsets
of 0.2° to space the holograms past the Sth null in order to minimize cross-talk. The
theoretical peristrophic selectivity from Equation 2.17 was Av = 0.79°, whereas in
practice we used peristrophic spacings of 29 to avoid cross-talk from the sidelobes of
the Fourter transform at the plane of the filtering iris. Using 50 angular positions
(from —1.9° to +4.99 tilt) and 20 peristrophic positions (from —9% to +9° and 171°
to 189°). we recorded 1000 holograms using a mask with a 150pm-pixel random bit
pattern as input. We were able to use peristrophic tilts around the 180° rotation
range because of the asvimmetry of the recording beams relative to the cryvstal face.
If the signal and reference beams were more svmmetrically aligned on opposite sides
of the normal to the crystal face. we would not be able to utilize this range because
of cross-talk concerns.

We initially recorded 1000 holograms using the conventional exposure schedule.
resulting in a comb function of diffraction efficiency for the 1000 holograms as shown
in Figure 2.13(a). BEach “sawtooth™ in the shape of the comb function corresponds to
an angular sweep from —4.97 to —4.9% at a single peristrophic location. The slower
“double-hump™ envelope to the sawtooth variation is due to the peristrophic rotation.
Also shown in the figure is the predicted comb function based on the recording slope
variations from Figure 2.10. where we extrapolated recording slopes for intermediate
combinations of peristrophic and angular tilts from the two plots. The amplitude
nismatch between the curves is simply due to the fact that the recording slopes used
in the prediction were measured under different experimental parameters.

We fitted a theoretical curve to the comb function that was obtained with the

conventional schedule in order to extract the effective recording slope variations from
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Figure 2.13: (a) Experimental and predicted distributions for the diffraction efficien-
cies of 1000 holograms when recorded using the conventional exposure schedule, and
(b) diffraction efficiencies for 1000 holograms recorded with the compensated exposure
schedule.
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the angular and peristrophic tilts. and then used this information to caleulate the
proper compensated schedule. Figure 2.13(h) shows the resulting comb function after
applyving the compensated exposure schedule. The diffraction efficiencies here are
considerably more uniform at about 6x10°°. although there is some overcompensation
of the angular variation for the first 500 holograms.

Out of the 1000 holograms. we visually inspected about 100 for uniformity and
randomly chose five for SN and probability-of-error analvsis. Figure 2.14(a) shows
a portion of the original input image as seen through the crystal. a sample recon-
struction at 488nm. and two reconstructions at 633nm. For hologram #263. we also
show histograms for the 488nm and 633nm reconstructions shown in Figure 2.14(h).

The SNR was measured by averaging CCD pixel values within each image pixel
(each image pixel corresponded to about 13 x 12 CCD pixels) and then determining
the SNR as given in Equation 2.15. Probability of error was calculated assuming
\Z-distributions to the histograms. For the reconstructions that were read out with
the original reference at 488nm. the SNR ranged from approximately 3.0 to 4.0, with
corresponding probabilities of error from 107! to 1077, The results for the recon-
structions at 633nm were better than those at 188nm. despite the low-pass filtering
effect of the dual-wavelength image-plane readout. For the 633mm reconstructions.
the SNR varied from 3.5 to 5.5, with probabilities of error ranging from 107" to 1077,

There are two main reasons for the improvement in reconstruction quality using
633mm as opposed to 488nm. One reason is that the 633nm reference beam was
polarized in-plane whereas the 488nm reference was polarized out-of-plane. Hence.
the 633nm reconstruction benefited from a higher diffraction efficiency.  We used
out-of-plane polarization for the 488nm writing beams to minimize any fanning of
the hologram gratings during recording. The second factor is the method used for
averaging pixel values in the reconstructions: the program that we used to calculate
SN averages CCD pixels only within a margin of each image pixel  edge values
arce discarded. Hence. any blurring effect at the edges of pixels in the r-dimension

bhecomes less of a factor in the SNR and error caleulations.
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Figure 2.14: (a) Sample images from 1000-hologram experiment with (b) correspond-
ing histograms for A; and A, reconstructions.
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2.6 FErasure

We now examine how well the dual-wavelength architecture reduces the decay rate
due to the readout illumination. We recorded two holograms with the same exposure
at 488nm. and erased one with a non-Bragg-matched beam at 188nm and the other
with an equal intensity (21.4mW /cm?) beam at 633nm. periodically monitoring the
grating strength by probing with a 633um readout beam. The decay rate was also
measured with no erasure beam in order to determine the decav contribution from
dark conductivity as well as from the monitoring beam. The decay characteristics for
these three cases are plotted in Figure 2.15(h).

4

The measured erasure time constant (which includes the effects of dark erasure)

for the 488nm erasure was 7/ 4 = 3.21hrs. while that for the 633nm erasure was
7 ey = 30.0hrs. giving a reduction in the readout decay rate by a factor of 11.1.

However. after factoring out the dark decay (7, 4o = 194hrs). modelling the overall

decay as

¢ ~t/rl (,——I/T( (,-—f,/r( dark (4) ‘)1)
where 77 is the measured erasure time constant including dark effects, 7. is the erasure
time constant due to the erasing illumination alone. and 7, 44,5 15 the erasure time
constant due to the dark conductivity and crasure from the monitoring beam, we
find the actual contribution caused by the illumination to be 748 = 3.27hrs and
Tegyn = 43.6hrs. corresponding to a ratio of 13.3.

The absorption spectrum for this cryvstal is shown in Figure 2.15(a). For the two
wavelengths used in our experiment. the absorption coefficients were a g = 0.55cmt !
and agy = 0.26cm 7. The ratio of these coefficients is 2.1, so the ratio of 13.3 in
erasure time constants was larger than expected.  Although we have no theoretical
model to predict relative erasure times from the absorption spectrum. it should not
be entirely surprising that the ratio of absorption coefficients is different from that of

the erasure time constants. since not every photon that is absorbed will contribute
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Figure 2.15: (a) Absorption spectrum and (b) decay curves for the LINbO3:Fe crystal.
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toward the erasure of the hologram. For example. some energy will he absorbed by
the Jatrice. or an electron may be excited into the conduction band but immediately
be trapped again. Still. we expect that larger ratios in absorption coefficients will be
reflected in larger ratios in erasure tinme constants.

One important note is that the choice of eryvstal and wavelengths used in this
experiment was not optimized for the dual-wavelength architecture. butr was based
on the lasers available in the laboratory. The crvstal was one with which we have
had good results in the past. and 488 and 633nm were laser wavelengths that were
readily at hand with good power output. However. to maximize the benefits of the
dual-wavelength scheme. we can certainly he more selective in our choice of crystal
and svstem parameters.

For instance. Figure 2.16(a) shows the absorption spectrum for a doubly-doped
LiNDHOy:Fe:Ce (0.05% Fe. 0.03% Ce) crvstal from Deltronic Crystal Industries. Inc..
that we have also used in dual-wavelength experiments. This ervstal exhibits a much
wider range of absorption coefficients over the same range of wavelengths than the
ervstal that we used for the 1000 hologram experiment. We tested this ervstal using
N =633 for recording and X,=850nm for readout. with corresponding absorption
cootficients of ag = 3.83cm ! and agyy = 0.32cm ' respectively.  This gives a
ratio of 12.0 of absorption coefficients. nearly six times that for the previons crystal
(LINDO3:Fe) and wavelengths.

Figure 2.16(b) shows the erasure characteristics that we measured for the two
wavelengths, nsing equal intensities of 15.7mW /em®. as well as for the dark erasure.
From the data we obtain the erasure time constants (including dark effects). 7/ 54 =
L.0Ghrs and 7/ = 21.9hrs. Again, factoring out the dark erasure (7, goe = 23.8h1s)
according to Lquation 2.21 to get the true decay contributions due to the illumination.
we o0t T = . TOhrs and 7, 450 = 273 4hrs: reflecting a reduction in the erasure rate
by a factor of 57.1.

These vesults verifv that we can greatly reduce the decay due to the readout
illumination by using a second wavelength at which the ervstal is relatively insensitive,

However. thev also point out a fundamental limitation of the dual-wavelength scheme.
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and that is the problem of dark erasure. Although we may mathematically factor out
the dark decay in caleulating the erasure contributions of the different wavelengths. it
will not have a comparable benefit to a real holographic system unless we can reduce

or eliminate the dark conducrivity in practice.

2.7 Storage density

Previously we demonstrated the storage of 1000 holograms using the dual-wavelength
architecture. Now we will examine the theoretical limits of this method in terms of
the potential storage density of an image-plane system. Becanse of the limitation
on pixel size imposed by the dual-wavelength method. there will necessarily be a
reduction in storage density compared with what could be achieved by the normal
“single-wavelength scheme™ (reading out the hologramns with the original reference
beam). The following analysis is a simplified version of that done by H. S. Li [105]
for determining storage density.

Since we are dealing with transmission geometry. we will use the surface storage
density as the figure of merit. We can write the surface density D as

:_\vc’) *\T‘I;' ‘\*pf N

D = -—-1—“ (

b
[\

where .V, is the number of angular multiplexed locations. N, is the number of peri-
strophic locations. N, and N, are the number of pixels in the @ and y dimensions
in cach hologram. and A is the surface area of the hologram.

For simplicity. we assume the signal beam to be normal to the crystal face and that
angular multiplexing is achieved by tilting the angle of the reference bheam instead of
by rotating the eryvstal. This way we may treat the hologram arca as constant for all
multiplexing locations. Further, we take the hologram area to be that at the mage
plane inside the ervstal. neglecting the defocusing effect of the signal beam away from
the image plane. This is acceptable if we filter out the reconstructions from adjacent

recording locations at a subsequent image plane. We may then write the hologram
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area as
- v v ) T £\ IS X
A= (N0 ) (Vo). (2.23)
where 4, and J, are the o and y dimensions of each pixel in the image. Equation 2.22
then hecontes

;\"(;’, ..'\',, .
D=
00y

,.\
rv
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g

=

which is simply the mumber of holograms that can be multiplexed at the same location
divided by the area of one pixel.

The number of angular multiplexed locations that can be accessed by tilting the
reference beam is determined by the span of angles available for the reference and
by the angular selectivity, If a rotating mirror and 4-F system are used to tilt the
reference beam. then the total angular range ® is limited by the aperture of the lens

and the beam width. and is given by

A=W
¢ =2tan"' (—a—.)];, (2.25)

Ny

N
ot

117 is the width of the reference beam. and A and F*are the aperture and focal length.

respectively. of the 4-F system. The angular selectivity Ao in the dual-wavelength

case is given by Equation 2.16. 1f we record at the second null. the total number of
angular multiplexed locations is then

2A0

Although we used peristrophic multiplexing in our 1000-hologram experiment. it

is not a practical multiplexing method in a high-density storage systent where small

pixels must be used. For pixels sizes on the order of a few microns. the peristrophic

selectivity will be on the order of tens of degrees. This is especially limiting when

recording with photorefractive cryvstals in the transmission geometry, since we are
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constrained to a relatively small range of angles that we can tilt the c-axis while still
maintaining acceptable recording efficiencies (refer to Figure 2.10). Using peristrophic
multiplexing would gain us perhaps a factor of only two to six in density. depending
on the reduction in diffraction efficiency that we are willing to aceept: hence. we will
neglect 1t in this analyvsis.

The minimum pixel dimension we may use in the g-dimension will be determined
by the resolution limit of the system optics. according to the relation

, A, ;
5, = 2 . (2.27)

Y : ] )
sin {t.an (,)(Hw))]
< L

However. the r-dimension is constrained by the minimum pixel width 8, 5, of the

dual-wavelength scheme. given by Equation 2.14. which for 6, = 0° becomnes
O, = L tan o,. (2.28)

Combining all terms. we obtain the final density equation

sin(o, + @,) AT\ [
[) [ - 5 __., Lt -1 —_ S t.a -1 e a— . 2.25)
N sin o, \n S ) sin [ran (2(F/#)> ( )

For example. using the parameters. A\ =1488nm. A\,=0633nm. #,=0°, #,=10°. I'=lcm.

A=5cm. and F=3>cm (F/#=1). then D=3.7bits/pm*. Note that this formula is
independent of the crvstal thickness L. While we may improve the storage density
of a single-wavelength system by inereasing the crystal thickness (and thus reducing
the angular selectivity). in the dual-wavelength case this increase in the number of
angular multiplexing locations is cancelled by a corresponding inerease in 9,5, which
reduces the number of pixels per page. The density that can be achieved with the
dual-wavelength scheme becomes comparable to that for one wavelength only if the
crvstal is very thin or if the two wavelengths are close to cach other. In both of these

cases. A\, is increased so that the constraints on pixel sizes imposed by this method
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are relaxed. and .., can approach 9, (the resolution limit of the optics).

2.8 Discussion

A dual-wavelength architecture can significantly reduce the decay of holograms due
to readout. However, such an architecture does introduce new complexities and prob-
lems to the svstem. some of which we addressed here while others still require further
investigation. On the system side, we have shown that the Bragg-mismatch problem
of the dual-wavelength scheme can be minimized by properly adjusting syvstem pa-
rameters. primarily the thickness of the crystal (something that can be conveniently
doue for a holographic 3-D disk). We also combine peristrophic with angle multi-
plexing to counter the poorer angular selectivity of thin crystals. while adjusting the
recording schedule 1o compensate for the varving recording characteristics for differ-
ent ervstal tilts. Also. by recording holograms in the image plane. we can retrieve
entire data pages at a time with a simple plane wave readout heam. without the
added complexity of using spherical beams or interleaving holograms. We were thus
able to record 1000 holograms and read them out with significantly reduced decay by
using two wavelengths.

Two main problems remain. however. The first is the problem of dark conduc-
tivitv. As was shown carlier. dark erasure can severely limit the effectiveness of the
second wavelength at reducing the decay rate. Furthermore. the dark decay prevents
a dual-wavelength architecture from truly maintaining a constant grating strength.
Even in the ideal case where a properly chosen readout wavelength completely elimi-
nates the decay caused by the readout process. the gratings will still inevitably decay
as long as dark conductivity remains. In contrast. periodic copying (which will be
discussed in Chapter 3). for instance. can restore the strength of holograms regard-
less of the cause of the holographic decay - whether it is due to readout or dark
conductivity. Hence. a dual-wavelength scheme will probably be most useful when
used in conjunction with some other process. such as copyving. so as to expand the

time frame over which we can refresh the holograms. It may be possible to affect the
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dark conductivity by changing the cryvstal temperature [106]. impurity dopauts, or
oxidation/reduction state.

The second problem is the density limitation. Because of the 0, 4,4, constraint, the
dual-wavelength svstem will restrict the storage density of the system except where
very thin crystals are being used. Alternatively. if the crystal exhibits sharp changes
in absorption behavior for sinall changes in wavelength. then the density can approach
that of the single-wavelength systeni. Otherwise, the dual-wavelength systenn will be
most useful for storing large numbers of holograms in a dyvnamic system where high

resolution is not a necessity.
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Chapter 3 Periodic Copying

Many of the methods under examination as potential solutions for the volatility issue
of photorefractive materials provide only partial answers to the problem. especially
when considering the needs of a read/write memory. Techniques. such as thermal
and electrical fixing. can make the stored information essentially permanent. but it
becomes difficult to alter the stored data or add new data without subjecting the old
hologramns to further degradation. These would he acceprable for ROAN architectures,
but thev are not well-suited to dyvnamic memories. Other approaches. such as the
dual-wavelength method discussed in Chaprer 2. preserve the original recorded grat-
ings so that the data may still be changed later. but they only succeed in slowing the
holographic decay.

A different method to compensate for the volatility of a photorefractive-based
holographic memory is to apply copyving techniques [99-102] to periodically refresh
the recorded holograms. The ability to refresh holograms in this way has been proven
experimentally, but issues related to the exposure schedule that would be required to
support a large memory using this technique has not been well investigated.  Also.
because of the additional exposures of the photorefractive material that is inherent
to the refreshing process. there will necessarily be a negative impact on the storage
capacity of the erystal. We will examine the issues of exposure schedules and storage
capacity in this chapter.

The conventional exposure schedule [83] used for multiplexing A/, holograms grad-
ually decreases the exposure time ¢, for recording each successive hologram so that
a uniform grating amplitude is obtained among the bolograms by the end of the
recording process. as illustrated in Figure 3.1. According to this schedule. the expo-

sure times for recording cach hologram can be caleulated from the relation

[m = — T h]“ - (l - (”[”H—]/T“.)()I”h; i } (31)
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Figure 3.1: Conventional exposure schedule. The exposure time £, is gradually de-
creased with ecach hologram in order to vield an equalized distribution of grating
amplitudes. A, = 4.,

=]

LT

M, m

.

whereby cach exposure 1, can be derived iteratively from t,,,,. given a predeter-
mined final exposure time £, Under the assumption that 4, < 7,. 7. Equation 3.1

simplifies to

=

1 1 1
I"'rrl,'~ 1 f‘m Te ‘

If we allow the limit 1, — o to saturate the first hologram. then for recording A/,
holograms where A/, >> 1. the grating amplitudes will be equalized at
£ s 2 {

A oTe

.z'\]tf,i"'/,,: '

Agy = (3.3)

However. this method is not optimal for a dyvnamic memory svstem that utilizes
periodic copying. because the final holograms recorded in the initial eycle would decay
for a disproportionately long time while the carlier holograms are refreshed. hefore
an attempt would be made to refresh these holograms at the end of the eyvele. The
following analvses examine alternate exposure schedules for the copying process. with

particular attention given to fixed-time exposure schedules.
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3.1 Periodically refreshed memory

As an initial study. we will consider the simplest case of copyving: a memory that
utilizes a evelic recording process simply 1o write and sustain a set of holograms. For
the moment we will not concern ourselves with how we should erase holograms or trv
to change data pages in the memory. In such an architecture. new holograms may
be introduced only in a fresh (blank) location or one at which the previous hologram
has been allowed to decay naturally to a point where it may be overwritten with new

data without being unduly affected by cross-talk.

3.1.1 Fixed-time exposure schedule

Exposure schedules with constant recording times have the advantage that each holo-
gram is written to the same strength and decays for the same length of time before
it is refreshed. This means that within a given copying cvele. every hologram is re-
freshed when it has decaved to the same minimum grating amplitude as every other
hologram in the evele.

Let us consider what happens during the mitial recording cyvele using the fixed-
time approach. We define 1, as the coustant exposure time. Then if A/ holograms
are recorded. the amplitude of the mth grating at the end of the initial {(zeroth) cvele
will be

A = A (1 e (3.4)

4]

For the grating amplitude 4. we use subscripts to denote the hologram number and
superscripts for the evele number. This describes the amplitude distribution shown
in Figure 3.2.

As expected. the most recently written gratings will be strongest. which is desir-
able since these holograms must also wait the longest before being refreshed in the
next cvele. In fact. due to the svimmetry of the scheduling, every hologram in the

nth evele (n > 1) will decay to the amplitude A7 before heing refreshed. Hence.
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Figure 3.2: Fixed-time exposure schedule. The constant exposure time f, vields a
nonuniform distribution of grating amplitudes A4,,.

if there exists some minimum detectable amplitude. 4,,;,. necessary to allow the

copving process to be sustained. then we must simply ensure that A) > A4,

3.1.2 Maximizing diffraction efficiency

Suppose that we wish to maximize the diffraction efficiencies of the recorded holo-
grams. given that some predetermined number of holograms. A/, are to be written. In
this case. we wish to find an optimum exposure schedule that maximizes Al, because
that will be the weakest grating amplitude that exists at any point during the copyving
process. and thus it will be the lhniting factor in determining whether or not we can
correctly detect and rewrite cach hologram without error during the first refreshing
cvele.

By a differentiation of Equation 3.4 (for m = 1) with respect to f,. A} can be

determined to be maximumm when

ly=7pln | —C 1], 3.5
n {(*\[— 0. " } (3:5)

which, if M > 1 and 7, < (M — 1)7,. can be approximated by
ly =~ —. (3.6)

Substituting Equation 3.5 back into Equation 3.4 yields the minimum grating ampli-
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tude when the optimum exposure time is used.

TR S (3.7)
(\ + 1)\-&;

where \ = (M — )7, /7. For M > 1 and \ > 1. we can simplify this to

. A, 701
AV 20 D 3.8
YT M, e (3.8)

which is weaker by a factor of ¢ compared to the cqualized grating strength that
could be achieved under the conventional exposure schedule for A1 holograms (Equa-
tion 3.3).

In Figure 3.3(a) we plot the grating amplitude A} (normalized to the saturation
amplitude 4,) from Equation 3.4 as a function of the exposure time #,. assuming
M = 1000 and 7, = 7. = 7. As predicted from Equation 3.6. the optimum occurs at
about 1,/7 = 0.001. The corresponding distribution of grating strengths after the first
recording cvele is shown in Figure 3.3(h) for the optimum ¢, and for exposure times
longer (t,/7 = 0.002) and shorter (t,/7 = 0.0005) than the optimum. For exposure
times shorter than the optimum. the grating amplitude of all of the holograms will be
below the distribution that we could obtain by using the optimum exposure. because
the holograms are simply not written strongly enough to take full advantage of the
dyvnamic range available in the material. For exposure times longer than the optimum.
only the more recently written holograms will be stronger than the optimmun level:
the weakest holograms in the cvele will he helow the level of the weakest holograms
vielded by the optimum ¢,. This is because although cach hologram is initially written
more strongly due to the longer exposure time. the extra grating strength it acquires
during recording is not sufficient to overcome the longer decay it suffers as the other

(M — 1) holograms are also exposed for longer periods.
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3.1.3 Steady-state distribution

[t is important to realize that the distribution of grating strengths that we get at the
end of the first recording evele is not an equilibrinm state. With cach refresh evele.
the resulting distribution of grating amplitudes will he similar in shape to that of the
initial (zeroth) recording cyvele. except that the recordings will start with some initial
condition instead of from zero amplitude. Specifically, for the nth cvele (1 > 0). each
hologram will have amplitude A77" just before heing refreshed. So at the end of the
nth evele, the distribution is given by
o 2 ree Ayl fTw ), (M =)o [T 9

Al =4, = (A, — Ay el Tt /e, (3.9)

The equilibrinm state of the svstem is reached when A} = A% = A% \Making this

substitution in Equation 3.9 for the case m = 1. it is straightforward to derive

AL = ¢l (3.10)

M‘(f'q —
S (A= Db fre ot ' ’

Il the optimum given by Equation 3.6 is used (and its corresponding assumptions

hold). theu this simplifies to

AT 1
Al 20 ) 3.11
h M7, («— 1) (3.11)

which is weaker than the equilibrium level obtained with the conventional schedule

by the factor (¢ — 1) but is stronger than it was after the initial recording cyvele. AY
(refer to Equation 3.8) by the factor ¢/(e — 1), or about 58%. The strengths of the
remaining gratings at equilibrinm can be calculated from Equation 3.9. Figure 3.4
simulates the progression of the grating strengths toward steady state in a system
of 1000 holograms. As we can see. the system approaches the steady-state condition

very gquickly within just a few refresh eveles.
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Figure 3.4: Progression of the distribution of grating amplitudes toward steady-state
in a periodically refreshed holographic memory. Parameters: 1000 holograms, 7, =
. =T, t,/T = 0.001.

3.1.4 Storage capacity

When dealing with holographic memories, it is usually the case that the storage
capacity is dictated by the minimum diffraction efficiency for the hologram that we can
reliably read out. This may be determined by factors such as the level of background
noise, the sensitivity of the detectors, and the uniformity of the input light. Whatever
the cause, given an arbitrary A,,;,, we can determine the storage capacity of a system
that uses a fixed-time exposure schedule. For comparison, let us define an A, such
that A, = ﬁ:— Here, M, represents the storage capacity of a non-copying system
that uses the conventional scheduling method, since that approach would produce M,

holograms with uniform amplitude A,
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So. equating AV with A, vields

: _ Ao,
) . o /T (A “//7, - 04 . P
AV = A (1 = ey D o T (3.12)
which when solved for M gives
M= 2 M e (3.13)

0 e

This relationship is plotted as a function of exposure time ¢, in Figure 3.5 for A,
values of 10 and 10,000 holograms. assuning 7, = 7. = 7.
The exposure time that gives the maximum 3 can be found by differentiating

Eqguation 3.13. which gives the relation
| g

(T8

- ~T]ﬁ‘—((l’«//‘u- — 1) MR = e Ty (3.14)
o T(‘

If 1, < 7. we can use a Taylor approximation to reduce this to

€T _
to = . 3.15
O A\ [” ( )
Substituting this optimum 7, in Equation 3.13 and assuming that M, > 1. we find

the storage capacity to be

M,

¢

M= (3.16)
So the capacity is reduced by a factor of ¢ relative to the capacity of a conventional
memory that does not use periodic copyving. The reduction in capacity is because of
the need to use up some of the dynamic range of the holographic medium to butfer the

later holograms against the erasure that they must endure before their next refresh.
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Figure 3.5: Storage capacity M as a function of exposure time t, using periodic
copying in systems that support M, = 10 and M, = 10, 000 holograms in conventional
memories.
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Fieure 3.6: Exposure schedule for maximum capacity. {a) Desired distribution of
o .

grating strengths after initial recording cvele. (b) Recording method used to achieve

this distribution.

3.1.5 Scheduled initial recording with fixed-time refresh

Figure 3.4 would appear to suggest that some dynamic range is being wasted since
the steady-state distribution is well above any detection threshold lhmitation (4,,,,,)
imposed on the initial cvele. This is true. and it is possible to design an initial
recording schednle that will generate a steadv-state distribution after the Hrst cvele
for which :l(l’ is equal to A,,,,. This would then allow a greater number of holograms
to be stored. for which a fixed-time exposure schedule could still be used in the refresh
cveles,

However. as we will show in the following discussion. although such a scheme
could sustain these initial holograms through periodic refreshing, the schedule would
not permit new information to be recorded. because the fixed time of exposure would
not write new holograms strongly enough for their amplitudes to remain above A,
after the decav of a full evele. Hence. this approach is impractical for a read/write
memory. But for the sake of completeness. one such scheme will be described here.

The desired steadyv-state distribution is shown in Figure 3.6(a). At the end of the
initial recording evele. AY should be at the minimum necessary for vefreshing. and
cach snecessive grating should be stronger than its preceding hologram by a factor of

Aot

¢ in order to have just enough added strength to survive the additional decay as
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the prior hologram is refreshed.
To eHect this distribution. we iteratively set the exposure time f; for each hologram

i the initial cvele to satisfy
A= ;‘l,',.,g(',”‘/T‘ . (‘317)

as diagrammed in Figure 3.6(b). and — il we wish to maximize storage capacity
continue recording holograms until AY falls to our threshold limit A,,;,. As we record

the ith hologram. the previously written hologram falls as
Ay = AW et = 1 = et Ty T (3.18)
whereas the new hologram we write grows according o
A= A (L= T, (3.19)
So substituting these into Equation 3.17. we get
(1 — /Tyl = (1 — ¢ tmr/meyled T (3.20)
If we consider the case where 7, = 7. = 7. then this simplifies 1o

=714 (1= Tyl (3.21)

By saturating the first hologram (i.e.. 1, — ). the exposure schedule of the initial

cvele should then be

This schedule results in the recording behavior illustrated in Figure 3.7(b). This
differs from the conventional schedule shown in Figure 3.7(a) in that instead of record-

ing cach successive hologram until it equals the strength of the previously recorded
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Figure 3.7: (a) Conventional exposure schedule: (b) Exposure schedule to maximize
storage capacity in a refreshed memory.

{and now decaving) holograms. we record new holograms until they exceed the am-
plitude of the previous hologram by a factor of ¢'*/7 . Recall that the ¢; values derived
above apply only to the initial recording phase. All subsequent cyveles use the constant
refresh time 7.

The storage capacity Hmit of this memory is reached when Ay falls to A, At

this point we will have recorded the fast hologram M and we will have the condition.
- 2 ATV /T g ey
Ay = Ayl = DTy = e M DT (3.23)

where the right side of the equation is the amplitude that A4,, must be in order to
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lic on the desired distribution described by Figure 3.6(a). To again compare with a
memory that does not use periodic copving. we set 4, = A,/1/, (since we have
assumed carlier that 7, = 7). where M, is the capacity of the non-copied memory.

We can then solve for the capacity M.

A = = n 1= AL(1 = ¢/m)]. (3.24)

(42
Optimizing with respect to ¢, and assuming A/, > 1. the maximum capacity is found
to be

4\/0 -
M= —1In{l +¢). (3.25)
P

\

which is a gain of a factor of In(1 +¢) ~ 1.31 in capacity by using the scheduled initial
evele, instead of the fixed-time exposure. but it remains only approximately 48.3%. of
the non-copied capacity Al,.

As mentioned carlier. the erating amplitude distribution achieved with this sched-
ule makes full use of the dvnamic range of the material and allows the initially stored
holograms to be sustained through continuous refreshing. but new holograms cannot
be written strongly enough with the fixed-time exposure to survive the copving pro-
cess. This effect is illustrated in Figure 3.8. The grating distribution achieved with
the initial exposure schedule deseribed in this section is shown in Figure 3.8(a). This
is the steadv-state distribution. because the fixed exposure time 7, is just sufficient
to strengthen a hologram with amplitude AV = A,,;, to the level of AY,.

However. if we try to store new information by allowing a hologram page to fade
awav and then write new information in its place. we will have the condition shown
in Figure 3.8(b) immediately after recording the new hologram at position m'. The
new hologram will be oo weak after recording for time ¢, because it was recorded
from zero instead of being strengthened from an initial condition of 4,,;, as the other
holograms were. Hence. at the end of the copying evele A, will be below that of AY,

(Figure 3.8(¢)). so when we veturn to it on the next refresh cvele, it will have fallen
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hologram at m’: (¢) Distribution after finishing the refresh evele.
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below the detector threshold A,,,,. We cannot afford to simply record new holograms
for longer than f,. because that would then cause all of the other holograms to decay
longer than planned in the schedule. and they would then also fall below A4, before
their turn 10 be refreshed. Therefore. although using a scheduled initial recording
evele appears to offer a larger storage capacity. it is not a feasible operation for a

read /write svsten.

3.2 Copied memory with random read/writes

In the preceding sections of this chapter. we only presented exposure schedules for
the initial recording and subsequent sustainment of holograms in a copving-based
architecture. When using such schedules. holograms are accessed only once i any
given refresh evele, which is when that hologram is due for copying. However. the
total time that would be required for a full refresh cvele in the schedules presented

carlier would be
Total cyvele time = At, = 7,. (3.26)

where the last equality is true if we use the exposure time for maximum capacity
(Equation 3.15). The consequence of this is that a memory access request placed
to such a memory could have to wait on the order of the characteristic erasure time
constant 7, of the recording material (possibly tens of seconds or longer., depending on
the material and beam intensities) before the desired page is reached. Furthermore.
we have not vet discussed how a page could be rewritten with new data. Waiting
for a data page to naturally decay under illumination until it is weak enough to be
overwritten with new information could require a prohibitive amount of time.

In this section we will examine a more rapid technique for altering data within a
copving-based memory. and we will incorporate the effects of random accesses into

our model for calculating capacity.
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3.2.1 Active erasure

For holographic data storage in photorefractive crystals, the erasure of recorded grat-
ings ordinarily occurs unintentionally as a side effect of subsequent illumination. either
for purposes of multiplexing additional data pages or for reading out previously stored
pages. In these situations. we normally would like for the erasure to occur as slowly
as possible in order to increase the storage capacity and readout lifetimes.

However. in the case of a dvuamic read/write memory. we often would prefer to
have the option of quickly overwriting a memory location with new data without
having to wait for the exponential decay of the hologram to zero. We can accomplish
the erasure of a hologram much more rapidly than normal if we rewrite the same
hologram at that location but with a 180° phase shift applied to the reference bean.
This method has been demonstrated in past experiments (1021,

The rationale for this approach is illustrated in Figure 3.9. When a recorded
hologram is subjected to uniform illumination. the trapped electrons that make up
the space charge distribution are excited at all locations within the crystal. However.
because of the nonuniform charge distribution of the grating. more electrons will be
excited and redistributed from the arcas where their concentration is highest. thus
leading to a gradual decay toward charge neutrality.

I contrast. if we overwrite the grating with one that is phase-inverted with respect
to the original. we focus the photoexcitation only to those areas from which we
wish to deplete clectrons. without re-exciting electrons that have already moved to
compensate the original grating distribution. The difficulty in utilizing this method
lies in ensuring that the overwriting hologram is properly phase shifted relative to
the original. and also that we do not excessively expose the erasing beams so as to
werely replace the original hologram with an inverted version of itself.

The relations that govern the dynamics of the photorefractive effect are Kukhtarev's

Equations [82]. These consist of four equations: the rate equation for the donor den-



3.2 Copied memory with random read/writes 59

RECORDING w‘al /eference

Space charge

distribution - light interference pattern
> x
READOUT DECAY readout reference

Space charge -« uniform illumination

distribution

ACTIVE ERASURE signal 180° phase-shifted
reference

Space charge
distribution

Figure 3.9: Cowmparison of normal readout decay with active erasure with a 180°
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sity,
ON U -
L = (sl + AN = X)) = N (3.27)
the current density equation.
. . Un .- o oL
J=qunkE — kgl Hoo — p(Np — N (3.28)
the continuity equation.
Y AT .-
Q.'_' = ()_\Q - _l (ﬂ (3.29)

ot ot qor
and Poisson’s equation.

OF
dr

€

= (N}, —n— Ny

The meanings of the variables are listed in Table 3.2.1.

This set of equations may be solved for a sinusoidal intensity distribution.

1(1) o= '[(J + ]l(,jl\'.(.

(3.30)

(3.31)

where Iy is the spatial frequencey of the grating. and [y and [, are the DC and first-

order components of the sinusoid. respectively. We assume that the solutions for E.

N neand J ocan be similarly broken down into DC and first-order components.

E(r) = Ey+ EdN

o 2 SR N

Nplr) = Ny~ Nppe
n(a) = ng+ ot
Iy = Jy+ Jelh

(3.32)
(3.33)
(3.34)

(3.35)

For photorefractive materials with neither an applied electric field nor a photo-
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Np o Deusity of dopants
V7 Density of 1onized dopants

D
n Density of electrons in the conduction hand
Ny Density of acceptors
1 Optical intensity
E  Total electric field
J Total current density
Thermal generation rate
5 Photoexcitation cross-section
vk Carrier recombination rate
P Photovoltaic constant
I Carrier mohility
¢ Diclectric constant of the eryvstal
q Charge of the clectron
ki Boltzmann's constamt
T Temperature (in Kelvin)
t Time
T Position in crystal

Table 3.1: Definitions of variables from Equations 3.27 -3.30.

voltaic current [107-109]. the space charge field as a function of time can be de-

rived [82; to be

Evo =

A EJEp(L =)
"y E,+Ep .

where the characteristic time constant 7 is

Ny En+E, (3.37)
.S’J\‘V[)](] L/) + [L‘;\r o

s AR TE N AR o lﬂ\v-‘l("\-”"”"\:\) N T IR
and L, = . K. L, = T and L, = =S

The key observation we make here is that the starting equations (Equations 3.27-
3.35) are independe f the initial conditions. as long as the starting distributions
3.35) are independent of the mitial conditions, as long as the starting distributions
are consistent with the forms of Equations 3.32-3.35. In the case where we have a

previously recorded grating. this is certainly the case, since that grating was generated

by these same dyvnamics.
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The difference occurs in the final form of the solution (Equation 3.36). which
now starts with an imitial condition instead of developing from zero. However. the
characteristic time constant 7 of the dvnamics remains unchanged. Hence. in general

the time response of the grating formation takes the form of
Alt) = A+ (A — A1 =y, (3.38)

where 4, and A, are the initial and saturation grating amplitudes. respectively. for
the hologram being written. As should be expected. for the case 4, = 0 and 4, = 4,
we obtain Equation 1.2. and for 4 = 0 we get Equation 1.3, These standard writing
and erasing curves are plotted as curves 1 and 2. respectively, in Figure 3.10. Note
that although these curves share the same time constant. the actual slopes at a given
amplitude may differ dramatically. For instance. for weak gratings the decay slope
(curve 3) is much shallower than that for the recording curve at the same level. This

is what prevents us from attaining fast erasure when we use uniform illumination.
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When we erase a hologram by overwriting it with an inverted version of itself. we
have 4, = &4, and Ay = =4/ where £ is a value between 0 and I that indicates
the fractional amplitade of the holograin we wish to erase. relative to the saturation
amplitude during recording. A7 is the saturation amplitude of the grating that we use
for purposes of erasure. For the remainder of this analvsis. we assume that we will
use the same beam intensities for erasure as were used for recording. so that A/ = A,

Equation 3.38 then becomes

Ay ==, [1 = (1 + e 7], (3.39)

which is illustrated in Figure 3.10 for large and small € (curves 4 and 5. respectively).
The actual time that is required to fully erase a hologram (reduce A7) — 0) is

then
terase == TIn(1 4+ &), (3.40)

This time is plotted in Figure 3.11 along with the time that it would require to record
a grating of the same amplitude. for comparison. For & < 1 (which is what would
be the case for a large capacity memory). te.e = €7, Under this same weak-grating
assumption, we have that {4, &= =21, 0pg, Where t.orq was the recording time, so
by using this erasure method we can erase the hologram in the same amount of time
that it would require to write it (fo05 = lpecora)- For strong holograms. the erasure
time can be significantly shorter than what was required to write it. as shown in

Figure 3.11.

3.2.2 System performance with random read/write

We now return to the issue of the storage capacity of a periodically copied memory.
except this time the svstem will not be limited to simply sustaining the originally
recorded holograms. Here we add the capability of rewriting new data.

In the analysis of this model. as each data page 1s addressed. it is first read and
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Figure 3.11: Active erasure time (normalized to the time constant 7) as a function of
the initial grating amplitude (normalized to the saturation level A,).

stored in a cache memory. The page is erased using the active erasure method that
was described in the preceding section. At this now empty location, we then have the
option of writing a new data page or rewriting the old page if the hologram simply
needed to be refreshed.

While this procedure would indeed grant true read/write capability to the system,
it would still only allow any given data page to be accessed but once within each
copying cycle. To increase the random access rate of the memory, we will distribute
a number of dedicated random read/write operations throughout each cycle, so that
the needed portions of the memory may be addressed more frequently, outside of the
sequential refresh pattern. These additional accesses will still follow the read-erase-
rewrite pattern, so each may be used freely for either a read and/or write operation
at a particular memory address.

We consider a system in which M holograms are recorded using a constant ex-

posure time 7,. In addition to rewriting/refreshing each of these M holograms once,
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we also have Ny random read/write opportunities within every copying cvele. In
such a svsten. the holograms that are most in danger of decaying below a detection
threshold are those that are rewritten only once within a given copying cvele - e
one that has not been accessed with any of the Vg rewrites. The grating strength

of such a hologram just before it is to be read will be

A = [‘4” (] o ()~~i(,,/7‘.,~)I l:(,“(i""'Nlm‘"“1)([.»‘\""/u)/7'e} {(;"-"\'lfn'(f’,\—;‘vi.,)/ﬂ} {(r—NRn‘(['A-rfn)/Tr}

(3.41)

The first bracketed term gives the strength of the hologram just after it was recorded
in the previous cvele. The second bracketed term is the decay factor from copyving
the other holograms which are not accessed during any of the Ngye rewrites. These
holograms will also have grating amplitude A,,;, before being read and erased. and
will require a time ¢ to erase (by the active erasure method deseribed in the preceding
section) before being rewritten for the exposure time f,. The third bracketed term is
the decay factor from copving the Ngyy- holograms that were accessed in the previous
Npw random accesses. We use t; to represent the expected value of the time required
to erase these holograms. as thev will be stronger than 4,,,, at the time of erasure.
The fourth bracketed term is the decay resulting from the Npy random accesses
themselves. Because we use a statistical representation for the required erasure time,
this term turns out to be identical to the third term,

In writing Equation 3.41. we have assumed the “worst case” scenario. where each
of the Ny accesses is to a different hologram. However. in general some pages may
he repeatedly rewritten. which would increase the number of holograms in the second
term that require an crasure time of 7 while decreasing the number of holograms in
the third term. which require the longer erasure time of #,.

We will use the usual substitution of ,,, = ‘\%"L for purposes of comparison
with the capacity 1/, of a conventional memory without copving. As was shown in

Section 3.2.1. the time {y necessary to actively erase a hologram of strength 4, 1s
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the same as that required for writing it. assuming weak gratings (/4 < 7).

A min Te

{4 = - = —.
8 5‘10 // T A [n

(3.42)

The hologramns that are randomly accessed for read/write operations can have

grating strengths ranging from as low as A, (just before they would have to be

. \ . ; b . . . ) .
copied) to as high as A, = A, (1 = ¢/} (Just after being recorded). I 1, < 7.
then A, = A.0,/7.. We will assume that the intervening grating distribution

between these bounds follows an exponential curve characterized by the erasure time
constant 7. and we will use the expected value of the grating amplitude to determine
'y, Actually. there will be some missing elements in this distribution, because some
holograms will be addressed multiple times within a cvele. However. for randomly
dispersed accesses. this remains a reasonable approximation.

The amplitude distribution is of the form

:1.,,, (fr) = A min€ e/ - (31‘3)

and we take its expected value between 1, = 0 aud ¢, = 1,,4.. where £,,,, is defined

such that A, (:fma;r) = Ay, This ‘\'i(‘,l(‘lS

l - Alpta ]
<A, > =2 . (3.44)
Mot ) 1y (;‘.l.,l(.>

with the corresponding time of erasure

. _ o AMele
P T s i (3.45)
S Y Ny : 34
ol lw Sy 11! Aot
T

Making the above substitutions 1o Equation 3.41. we can derive the capacity M

to be

A\[,,lll(: -+ A\‘TRH' (1 - ’\ -2 Sl"‘“)

nc

Al = + 1. (3.16)

o+ ]
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where ¢ = ALt,/7,. This capacity is maximized if the following condition is true:

. | -
Ny 1+ ¢ In ¢ o
oy . (!_;.‘il[)
My Y1+ 2 !Q
- it ¢ K (I ()2

So if we are given a desired number of additional read /writes per copving cyele (Nyyy).
we can seleet an optitmum exposure time ¢, to maximize the capacity.

Figure 3.12(a) shows this optimumn 7, (relative to 7./4/,) as a function of Ny
(expressed as percentage of the total capacity Af), assuming that A7 > 1. Also
shown in Figure 3.12(b) is the total capacity M (expressed as a percentage of Al,)
against Npy-. For comparison in the figure. we mark the capacity level Af, /e derived
in section 3.1.4 for a purely refreshed memory.

As we can see from Figure 3.12(b), the most significant loss in capacity occurs
from the initial change from a write-once memory architecture to a dyvnamic svstem
where the memory must be cvelically refreshed. This switch reduces the capacity by
slightly over 63%. from M, to M,/c. Adding rapid read/write capability in the form
of active erasure prior to rewriting costs an additional 24% of capacity initially, with
the capacity gradually dropping further as more random accesses are added.

One of the reasons that using active erasure is not as detrimental as might be
feared is that this erasure tends to occur when a hologram is weakest.  Although
we found that for weak gratings the recording and active erasure times are equal.
this does not mean that we are eflectively doubling the exposure time for cach page
access by adding active erasure. This would onlyv be true if we erased each hologram
innnediately after it was written. In actuality, however. we can expect a large fraction
of the stored holograms to undergo substantial decayv before we must return to them
for purposes of refreshing. Many will decay to as low as A,,;, before their next access.
and onlv a relative few may have to be repeatedly altered within a short span of time.

We can also caleulate the random access times associated with Figure 3.12. If we
neglect the sequential accesses that we get as part of the normal refresh cvele and

only consider the number of random operations Ny then we can write the time
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Figure 3.12: Theoretical plots of (a) optimum exposure time, and (b) storage capacity
(expressed as a percentage of the capacity of a non-copied system M,) as a function
of the number of additional random read/write operations allowed per refresh cycle
(expressed as a percentage of the number of stored holograms M).
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Figure 3.13: Random access time as a function of the number of additional random
read/write operations allowed per refresh cycle.

between random accesses as

(M + Npw)to + (M — Nrw)ta+ (2N)t,

3.48
Nrw ( )

Random access time =

This is plotted in Figure 3.13 as a function of the number of random accesses per

cycle.

3.3 Discussion: Practical system considerations

Here we would like to briefly discuss some of the issues that were left out of the

analysis of this chapter, but which must be addressed in any real system.
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3.3.1 Choice of photorefractive material

Application of the periodic copyving technique naturally assumes that we have the
ability to write an initial grating and then return to it at a later time with the ability
to rewrite the hologram with the exact same phase as the original recording (or the
exact opposite phase. in the case of erasure). A large part of this task involves simply
stabilizing the recording environment to eliminate random drifts and vibrations in
the beam paths. However, another important consideration is the photorefractive
material that we use,

One of the problemns that we may encounter in choosing a recording medium is
that some materials possess a characteristic photovoltaic current. This property en-
ters iInto Kukhtarev's current density equation (Equation 3.28). For materials without
a photovoltaic effect. the solution of Kukhtarev's Equations yvields a time constant
7 that is purely real. Hence. the dvnamics of the holographic grating formation in-
volves only changes in amplitade with time. However. for photovoltaic materials. the
solution for 7 contains an imaginary component. This means that under illumination.
recorded gratings not only change in amplitude. but also in phase. This phenomenon
is often referred to as “moving gratings™ [110.111].

If the recording medium has this property. then it becomes a significantly more
complex problem to rewrite a grating. identically phase-matched with the original.
after that grating has been subjected to various exposures performed on other holo-
grams in the memory. Unfortunatelv. one of the most widely used photorefractive
crvstals in holography, LINBOg. does possess a photovoltaic current. While this prop-
erty helps to impart LINDOy with a high A /#£. it also makes it a troublesome material
1o use for copied holographic systems. The use of this class of media would require
the mewmory system to have a method of detecting and matching the phase of the

hologram at the time of copying.
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3.3.2 Threshold detection

One of the principal difficulties in any copied svstem will be the problem of how to
manage the disparity in diffraction efliciencies among the stored holograms at any
given point in time. We must have a method to set a variable detection threshold for
holograms of different strengths in order to maintain the ability to properly distinguish
on and off pixels.

In the case of the purely refreshed system of Section 3.1, despite the variation
i grating amplitudes. we could still expect to have a consistent hologram strength
when we address cach hologram within a given cvele. due to the regular sequential
pattern of the exposure schedule. However. when we add the possibility of random
accesses. then the intensity of the reconstructed hologram falling on the detector can
vary widely with each readout.

One possible method to determine the appropriate threshold would be to reserve
a few pixels on every data page to alwayvs be “on™ and “off.” These pixels could then
serve as reference levels: every time a page is read. the threshold level of the detector
could be set midway between the detected intensities of the preassigned one and zero
pixels. Assuming good beam uniformity. this should allow the proper bit value to be
assigned to every other pixel in the page.

Another function of the reference ~on™ pixels would be to act as benchmarks for
measuring the strengths of the holograms in order to calculate the required crasure

times.

3.3.3 Other influences on performance

In our preceding calculations of storage capacity and random access rate. there were

a nuber of effects which we did not consider. in order to keep the problem tractable.

Read time
The infegration time required by the detector is a factor that we neglected in

the analyvsis of both the speed and capacity of the memory. Some time will obviously
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need to be devoted to reading cach hologram. and this readout process will contribute
additional erasure to the svstem and hence reduce the storage capacity. Depending on
the sensitivity of the detector. this time may be kept fairly short. and because only
the reference beam is necessary for readout. the erasure time constant associated
with the readout time will be longer than the value 7. in the above analvsis. further

reducing the impact of this factor.

Switching delay

The multiplexing method that we choose for the memory and the mechanism
that we use to provide it will also affect the random access rate. This would enter
in the analysis as a time delay associated with every page access. However. as no
Hlumination of the cryvstal exists during this delay, it should cause no appreciable

reduction in storage capacity unless the material has a high dark conductivity.

Page tracking algorithms

3

The capacity analysis of Section 3.2.2 assumed that the memory system has no
means of keeping track of which data pages have beeu accessed. The sequential
copving cvele refreshes every hologram in the memory. regardless of whether that
hologram has already been accessed (and therefore refreshed) by a prior random
access operation within that cvele. Tt is certainly possible to develop more elaborate
memory control algorithms that can tabulate an account of the pages that have
received refreshes as a result of a random write. so that these pages do not have to
be redundantly refreshed. This will increase the memory access speed and capacity,
but at the cost of adding complexity to the memory management.

The system may further be refined to avoid first erasing pages that only require
refreshing. I a data page does not need to be altered. there is naturally no reason
to erase and rewrite it. Stmply refreshing these pages significantly reduces the time
and exposure applied to each such procedure. This was not done in the preceding
analvsis, so as to present a lower bound to the memory capacity and speed. in the

case where all of the stored holograms must be changed within a cvele.
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Chapter 4 Architecture for Rewritable Memories

[n addition to resolving the issue of volatility discussed in the previous chapters, we
must also address how to improve the performance of holographic memories in more
standard benchmarks measures.  For a read/write holographic memory to become
viable, it must offer performance levels that are competitive with currently available
read /write storage technologies such as semiconductor- and magnetic-based storage
technologies. To accomplish this. we must explore novel methods to improve system

metrics such as the memory size and speed.

4.1 Compact lensless memory

One of the primary attractions of voluime holographic memories is the potential for
extremely high storage densities in the recording medium. The theoretical limit for
holographic recording is on the order of one bit per cubic wavelength [21]: for instance.
assuming wavelengths of around 500nm. a terabit of information could be stored
within a cryvstal just Smm on a side. However. one of the most obvious weaknesses
of many holographic svstems is the large space occupied by the various components
that are necessary to provide the recording and readout mechanismns for the ervstal.

Figure 4.1 shows a typical angle-multiplexed holographic memory in the 90° ge-
ometry. The signal path consists of a spatial light modulator (SLM) and detector
pair with a 4-F imaging svstem between them. and the reference path uses another
d4-F lens system in combination with a rotating mirror to provide the angular tilt to
the addressing beam. Although this system is fairly simple with a relatively small
number of components. the spacing requirements of the imaging lenses imposes con-
straints on how closely these components may be placed. For example. assuming
SLAL and detector array dimensions of lem and high quality lenses with F/#=1.

the focal distance between the arrays. lenses. and crvstal must also be at least lem:
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Figure 4.1: Typical angle-multiplexed holographic memory.

The entire system of Figure 4.1 would occupy a volume of perhaps 6cmx5emx Lem.
More sophisticated systems, such as those that incorporate more than one method of
multiplexing, generally grow progressively larger as the level of complexity increases.
Hence, such systems tend to occupy a disproportionately large volume compared to

that of the crystal.

4.1.1 Conjugate readout method

The reason we usually need to place lenses within the signal path is to undo the effects
of Fresnel diffraction. When we record a hologram of the signal beam diverging from
the input SLM and reconstruct it with the original reference beam. we produce a
virtual image of the input data page and thus require a lens to refocus it onto the

detector array.
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Figure 4.2: Comparison of phase conjugate readout method with conventional readout
using imaging lenses.

We can eliminate the lens system between the SLM and detector array if we
reconstruet a real image instead of a virtual one. One wayv to do this is to use
phase conjugate readout [112 115] as illustrated in Figure 4.2, Using this method. a
hologram is recorded in the usual manner between the signal and reference beams. but
the hologram is read out with the phase conjugate of the reference beam. propagating
in the opposite direction as the one used for recording. This causes the diffracted
signal recoustruction to propagate back along the direction from which it originally
came. reversing the original signal diffraction. and refocusing exactly at the plane of
the SLAL array. To generate the conjugate reference we may use a phase-conjugate
mirror [114]. or in the case of a planar reference beam. we may simply use a counter-
propagating plane wave at the same angle.

By using this readout method. we eliminate the lenses and associated path lengths
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Figure 4.3: Conjugate readout system with separate SLM and detector devices.

that are normally required in the signal path, but it does require that both the input
and output devices be located on the same side of the crystal. One option is to place
an SLM and detector array on adjacent faces of a beamsplitter on one side of the
crystal, as shown in Figure 4.3. While this is a valid solution, it may be difficult
to align the detector array to achieve exact pixel-match with the SLM in terms of
position, tilt and rotation. An alternative to using separate input and output devices
is to incorporate a smart-pixel array that combines the functions of an SLM and

detector in a single optoelectronic integrated circuit (OEIC).

4.1.2 Dynamic Hologram Refresher chip

It is possible to have SLM and detector pixels co-located within the same array by
merging liquid crystal and silicon technologies. Figure 4.4 shows the cross-section of
such a device [116] that was designed at the California Institute of Technology by J.-J.
Drolet. It is composed of silicon circuitry overlaid with hybrid-aligned nematic liquid
crystal [117,118] and a glass cover plate. The circuitry contains a photodetector, a
static memory element to hold the data that is read out or that is to be written,
and liquid crystal driving circuitry. The SLM pixel consists of an exposed metal pad

in the silicon, so that by modulating the voltage on the pad, and thus changing the
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Figure 4.4: Cross-section view of Dynamic Hologram Refresher chip.
g \

voltage across the liquid crystal layer, the polarization of the light reflected from the
pad can be modulated. As a result, with a properly aligned analyzer at the output,
the reflectance from each SLM pixel can effectively be turned on or off.

Figure 4.5 shows a picture of the prototype array. It contains an array of 20 x 24
pixels and is designed to appear as a static random-access memory to a control-
ling microprocessor. The photodetector in each pixel is a PNP active-well-substrate
structure. The pixel size of this prototype is 132um x 211pm. The dimensions of the
reflective SLM pads within each pixel is 49pum square, with 18um square photodetec-

tor pads adjacently located.

4.1.3 Beam steering

To eliminate the lenses in the reference arm of the holographic system of Figure 4.1, we
require a method for beam deflection that does not involve the use of a lens system.
One possible approach is to use a liquid crystal beam steerer [119] to deflect the
reference beam. The operating principle of such a device is illustrated in Figure 4.6.
This device consists of a layer of nematic liquid crystal sandwiched between a common

ground plane on one side and a linear array of electrodes on the other. By applying a
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Figure 4.5: Picture of Dynamic Hologram Refresher array.

periodic step variation to the voltage on the linear array of electrodes, a corresponding
spatial variation can be introduced to the phase delay induced by the liquid crystal.
In this way, the device can simulate a blazed grating. The angle of deflection can be
controlled by varying the periodicity of the applied voltage.

Using such a device in combination with the conjugate readout method would
allow a completely lensless compact memory module to be assembled as shown in
Figure 4.7. In this architecture, holograms are written in the holographic material
from the interaction of the forward reference beam and the reflection from the SLM
array of the optoelectronic integrated circuit. Angle multiplexing is achieved by
deflecting the reference beam with a liquid crystal beam steerer attached to the back
face of the crystal (not visible in Figure 4.7). For readout, the conjugate reference
is introduced from the opposing face to the forward reference, with the proper angle
obtained with an identical liquid crystal deflector.

This architecture is also well-suited to the periodic copying technique discussed in

Chapter 3. To refresh a hologram stored in this module, a hologram is simply read
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Figure 4.6: Liquid crystal beam steering device.

out with the conjugate reference, the data page is latched into the chip memory by
the detector array, and this data is then used to drive the SLM array to reinforce
the data by rewriting with the forward reference. Hence, we refer to the chip as the

Dynamic Hologram Refresher (DHR).

4.2 Fast page access by laser array

Although the system of Figure 4.7 achieves a very compact design for a holographic
memory, the page access speed is limited by the response time of the nematic liquid
crystal, which is typically on the order of tens of milliseconds [120,121]. Some improve-
ments could be made by switching to ferroelectric liquid crystal technology [122,123],
which has a response time on the order of 10us, but to bring the random access speed

to the sub-microsecond regime, an entirely different technology is needed.
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Figure 4.8: Use of a laser array in the reference arm of an angle multiplexed memory
for fast page access.
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With the recent development of Vertical-Cavity Surface-Emitting Laser (VCSEL)
devices [124 138]. it has become feasible to consider the possibility of incorporating
arrayvs of hundreds of micron-sized laser sources in a small systenm. We can then imag-
ine a svstem in which each angle multiplexed hologram is addressed by a dedicated
laser source. such as in the svstem shown in Figure 4.8. A Fourier transforming lens
is used to convert the spatial shifts between the laser elements into angular offsets at
the ervstal. In this tvpe of architecture. the readout access time between multiplexed
pages becomes limited only by the switching time of the laser sources. which can be
in the nanosecond regime,

One problem that remains in the svstem of Figure -L.8 is that of coherence between
the signal source and the laser source being used in the reference arrav. Recording
holograms requires that the interfering beams be coherent with one another. so usu-
ally a single laser source is split into signal and reference components to achieve this
condition. When separate signal and reference sources are to be used. then phase
locking techniques 139 141 must be employed in order to maintain coherence be-
tween the recording beams. Another idea could be to split each laser source in the
reference array (with fiber optic splitters, for example) and then combine them into a
single signal source. However. the complexity of injection locking techniques and the
impracticality of combining hundreds of laser inputs into a single output prohibits
the realistic use of either of these possibilities.

A more promising solution is to use the same laser array in both the signal and
reference arms as shown in Figure 4.9, This could be done by dividing cach laser
source with a fiber optic splitter (since two-way splitters are common) or by using
a beamsplitter and mirrors to steer the beams to the correct faces of the crystal.
Separate arravs are drawn in the figure only for case of visualization. Another Fourier
transforming lens is required on the signal path so that the light from every signal
source is incident on the SLA. In this case, the direction of the signal beam will
change with every hologram. but this will not have a negative effect on either the
angle multiplexing or the alignment of the detector. Changing the direction of both

the signal and reference beams is equivalent to rotating the crvstal instead of changing
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Figure 4.9: Use of laser arrays in both signal and reference arms.

only the angle of the reference, and is an equally valid form of angle multiplexing.
And the imaging system between the SLM and detector will naturally redirect the
deflected signal reconstruction back onto the detector array.

Because of the narrow angular selectivity function associated with the 90° record-
ing geometry, it is not difficult to hold the size of the laser arrays to a manageable
level. For example, using a lem-thick crystal and a wavelength of 500nm, the first
null of the angular selectivity function occurs at an angular spacing of 0.0029°. Using

a lens with a focal length of 2cm would require the laser elements to be placed only

laser array

[R 4 3-F:3:3-3]

laser array SIM

BHEEBEES

F F detector

mirror

Figure 4.10: Combination of laser switching array with conjugate readout.
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1 apart to produce this angular separation. Since the current state of VOSEL
technology cannot space an arrayv so closelyv. we could relax the separation to 10
and still contain an arrav of 1000 lasers within the span of lemie This would also
separate adjacent holograms by ten selectivity nulls. drastically reducing the danger
of cross-talk between neighboring holograms.

But by switching to laser arravs it appears that we have returned to a lensed
architecture: however. this approach remains compatible with the conjugate readout
method discussed in Section 4.1.1. With a properly aligned laser array and a mirror
placed on the opposite face of the cryvstal such that it lies at the focus of the Fourier
transforming lens. the conjugate beam can be generated with the symetrically oppo-
site laser source as shown in Figure 4.10. A beamsplitter must also be introduced to
accommodate both the SLA and detector devices.

The only remaining lenses are the Fourier transforming lenses for the array sources,
but by using a heamsplitter. only a single array and lens are required. as shown in
Figure 4.11(a). resulting in a very compact holographic memory module with fast
access. 1t is not completely lensless. since one lens still remains in the system. but
such a lens would be required to collimate the laser source in any optical system
that uses plane waves. This module design also lends itself casily to modification to
acconnmodate various alternative components such as a reflective SLM or a smart
pixel array. such as the DHR discussed in Section 4.1.2. as shown in Figures 4.11(h)

and {c¢). respectively.

4.3 Detector-limited readout rate

Assuming that the laser array discussed in the previous section allows us to switch be-
tween multiplexed data pages with negligible delay. the readout rate becomes limited

by the integration time of the detector. We can write this time as

. . . Nehw N, o
Detector integration tine = ———p—. (-1.1)
<:"lﬁ£)_ P,

?

Al
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Figure 4.11: Variations of compact memory module incorporating (a) transmissive or
(b) reflective SLM devices, or (¢) using a smart pixel array (DHR) combining SLM
and detector functions.
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where N, is the munber of electrons per pixel that we need to integrate for the given
detector sensitivity and level of background noise. /i is Planck’s constant (6.63 x 107%
J-s). s the light frequeney. N, is the total number of pixels in the detector array.
M /4 is the svstem metric as defined in Equation 1.5, 3/ is the number of multiplexed
holograms. and P, is the incident readout power. For example. if we use a crvstal of
M/# = 10 to record 500 holograms of a 1000 x 1000 pixel arrayv. and we read out
with 100mW of laser power. requiring 1000 electrons per pixel. the integration time

would be 9.9s.

4.4 System volume density

To analvze the system storage density of the holographic memory module of Fig-
ure 4.11(a). we use the model shown in Figure 4.12. Both the SLM and the mirror
(M2) that we use to reflect the conjugate reference are placed a focal length ' from
the collimating lens in this design.  This fact. combined with the limitation that
the heamsplitters be square. prevents significant asvinmetry in the dimensions of the
two beamsplitters. the photorefractive crvstal. and the volume occupied by mirror
MI1. Although minor variations are allowed. for simplicity we will examine the case
where the - and y-dimensions of the various blocks are equal. denoted by A. where
A = F/2 to satisfy the focal length requirements. We neglect the refractive indices
of the different media in the following calculatious.

The primary requirement on the dimension A is that it must be sufficiently large to
contain the laser beams after diffracting from both the laser sources and from passing
through the SLAL These constraints are illustrated in Figure 4.13. which shows the
signal path. unfolded for clarity.

The wideh L of the collimated beam after the lens is determined by the aperture
a ol the laser sonrce and the propagation distance £ = 2.4,

L2k’

a

—
RN
(89

—
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Figure 4.13: Constraints on beam diffraction in signal path.
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where A is the laser wavelength.
In order for all of the source beams to pass through the lens aperture, we must
satisfy the condition
/ Y ‘ ’)\
A>(M—-1)0+2F—, (4.3)
a
where M is the number of stored holograms, and hence the number of lasers in the
array. The spacing 0 between lasers is determined by the angular spacing that we use

between multiplexed holograms. The angular selectivity is given by,

A pa

where p is the number of nulls by which we wish to space the holograms, and the
last equality is obtained by substituting L from Equation 4.2. We then have that the

laser spacing o should be

Da
§=FAQ= % (4.5)

To contain the spread of the signal beam after the SLM, we must include the
effects of both the tilt of the incident beam on the SLM and the diffraction from the

pixels of dimension b. We write this condition as
A > Nb+ 2F tan(¢y + ¢2), (4.6)

where N is the number of pixels along each side of the square SLM array, ¢, is the
maximum angular tilt imposed on the signal beam by the most extreme element of
the laser array, and ¢, is the additional angular spread from the pixel diffraction. We
can write these angles as,

(M —1)6

tan ¢, = T (4.7)
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A
sin ¢y = 7 (4.8)

To minimize the system volume, we make Equation 4.6 an equality, which, after

substituting Equations 4.7 and 4.8 and assuming small angles, we can rewrite as

A nDa
p (1 _ 47) = Nb+ (M- )2 (4.9)

g

Because the quantity on the right of Equation 4.9 is always non-negative, we must
therefore satisfy the condition, b > 4.
In the z-dimension, there is no tilt to the signal beam, so we only need to account

for the spread from the SLM diffraction. The height H can then be written

A
H = Nb+2F—. (4.10)

b
Given any lens aperture 4 and laser array size M, we would ideally like to make
the laser aperture a as small as possible, so that the hologram interaction length L
is maximized to improve the angular selectivity. Under this condition, Equation 4.3

also becomes an equality, which we can rearrange as

A <1—45> - (Md)%‘i (4.11)

a

Here we see that we must also constrain the laser aperture, a > 4A. The reason we
have these constraints on a and b is because we are limited to square components of
dimension A. If we try to increase the aperture size A to attempt to capture a wider
diffraction spread, we will also increase the propagation distance F' = 2.4 over which
the diffraction occurs, negating our effort. In the limit of a = b = 4\, the diffraction
angles would be so large that the system could only support recording one hologram
of a single pixel.

Another concern is that we must ensure that L is large enough to fully illuminate

the SLM array (L > Nb). Comparing Equations 4.2, 4.9, and 4.11, we can solve for
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L.
- pu . A
L=A~(M—-1)—=Nb+ 41~ (4.12)
2 h
Clearly. we satisfy L > Nb. and in fact we have that L = H. so that the beam

size prior to the SLA will be just barely contained by the svstem in the z-direction
without boundary reflections.
From Equations 4.9 and 4.11 we can solve for A/ and .V in terms of the various

aperture sizes

24 A

M = — (l — 4-,1*—) + 1 (1.13)
pu a
44 /A A

N = — (—— - = . (4.14)
h \a b

Here we note that for non-negative N and 6. we require that the pixel size b be at
least as large as the laser aperture a. This simply reflects the idea that if b < a.
the diffraction from even the center SLM pixel (illuminated with the maximum beam
angle from the laser array) will begin to spread bevond the boundary of the crvstal
aperture .
Finally. we can derive the system storage density D,
Capacity MA®

D = = , . (115
Volume (2A)(4A)(H) H.15)

where we measure the system volume as a simple rectangular volume (including the
empty space to the side of the laser array) and we neglect the thicknesses of the lens.

lasers, mirrors. SLAL and detector array. Substituting from Equations 1.2, 4.13. and

Da (AN /NN
1z ool . 1.10
N A (b) (u /)) (1.16)

4.1, we obtain the result

AN (A AN A
Y= — |~ (2} (222 | — 42 -
! A p (b) (u /)) < (1) '
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Figure 4.14: System storage density for the holographic memory module in Figure 4.12
as a function of laser aperture size a and SLM pixel size b in units of wavelength
(A=500nm).

4.4.1 Theoretical maximum density

To maximize the storage density, we can clearly see from Equation 4.16 that N should
be made as small as possible; so we set N = 1. We should also minimize p; however,
from Equation 4.5 we see that in order for the lasers to be physically non-overlapping
(0 > a), we must have p > 2. We decide on an arbitrary limit of p = 4 for this
analysis. This spaces the lasers, center to center, by twice their emitting aperture a,
and separates adjacent holograms by four nulls of their angular selectivity function.

The remaining function is dependent only on A, @, and b, and is plotted in Fig-
ure 4.14 as a function of a/A and b/A for a wavelength of 500nm. For any given b,
the maximum density is obtained at the minimum a of 4, corresponding to M = 1.

The absolute maximum occurs at b = 8\, for which the density is (1/32))* — about
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2440 [bits/cm™.

However. although these parameters vield the optimum theoretical density., the
resulting system is far from practical. The basic dimension A4 would be 16\, and
cach module would hold only a single bit (one hologramm of one pixel). Building any
reasonably-sized memory from such modules would require an absurdly large number
of tiny components. For practical purposes. we need to use macroscopic components

and compensate for the larger size by storing many holograms of large page arravs.

4.4.2 Realizable maximum density

I we limit ourselves to large M. we may approximate Equation 4.13 by its first term.

and the corresponding density similarly reduces to the first term of Equation 4.16.

L /A (A a0 A
e = — (2] (2=2) (1-42Y), nr
[ Al ])/\3 (1)) (“ })> (1 1(() (\l Jl)

Again using p = . we plot Dy in Figure 415 versus «/A and b/ A, nsing a wave-
length A=500n1m.

The optimum density here occurs for a = 5\ and b = 10A. for which the density
is 40Mbits/em®. Note that Equation 4.17 is independent of /. N. and A. As long
as the approximation A > 1 remains valid. M0 N and A sceale in direct proportion
with each other as given in Equations 1.13 and 4.14. For the optimum values of a /A
and O/A. the proportions are N = 21/ = A/25A. c.g.. this could be satisfied with

A=lem, M =400 holograms. and N=800 pixels.

4.4.3 Minimum volume architecture

[t is possible to decrease the volume of the holographic module further. if we are
willing 1o use two lenses in the svstem. as shown in Figure 4.16. By placing separate
Fourier-transforming lenses in both the signal and reference paths. we can eliminate
the volute between the laser array and the first beamsplitter while also shortening

the diffraction distance 7= .
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Figure 4.15: System storage density for the holographic memory module in Figure 4.12
as a function of laser aperture size a and SLM pixel size b in units of wavelength
(A=500nm) assuming large M.

Following a similar analysis as was done for the system of Figure 4.12, Equation 4.9
still applies for the diffraction from the SLM; however, the corresponding relation

governing the diffraction from the laser array (similar to Equation 4.11) becomes

pa

A (1 - 22) (M = 1) (4.18)

due to the shorter propagation distance. From this equation, we see that the minimum

aperture a drops to 2A. For M > 1, the storage density for this system is

T /N2 /)N M\ / A
DA,,>>1_]—);\§(E> (5—30 (J,—25> (4.19)

and is plotted in Figure 4.17. The density peaks at 160Mbits/cm?® for @ = 2.5\
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Figure 4.17: System storage density for the holographic memory module of Figure 4.16
as a function of laser aperture size a and SLM pixel size b in units of wavelength
(A=500nm) assuming large M.
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and o = 10A. assuming the wavelength A=500nm.  This is a gain of a f[actor of
four in density over that of the previous model.  Again. the svstem volume scales
proportionally to A and 1/, so this optimum density may be maintained as long as
the proportion. N = M = 4/25A.is preserved (e.g.. A=1lcm. M/ =800 holograms. and
N=800 pixels). At this density. a gigabvte memory svstem would fit in a volume of

DX D X 2cm.
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Chapter 5 Experiments: Conjugate Readout with

Periodic Copying

In this chapter we preseut experimental results [118] related to the ideas presented
in Chapters 3 and 4. In particular. we test memory architectures incorporating the
conjugate readout method. and employ the periodic copying technique to investigate
the reliability of these systems to refresh holographic recordings. We will compare

the experimental results to the theoretical predictions from Chaprer 3.

5.1 Lensed vs. conjugate readout comparison

Before we begin to explore phase-conjugate memoryv architectures as an improvement
to the customary lensed imaging svstems. an important first step is to ascertain
whether or not we pav a price in the reconstructed image quality for the gains that
we make in compactness. We assembled two simple holographic recording setups in
the 90° geometry. one using {orward readout with a 4-F hinaging svstem betsveen the
SLM and detector array and the other using conjugate readout by means of a mirror
to reflect the plane-wave recording reference (Figure 5.1(a) and (b). respectively).
In both cases. we used an SLA and detector array that were pixel-matched with
one another. The SLAM was a Kopin LVGA liquid crystal display panel with a pixel
pitch of 24pm. The detector array was a Vision VYA CMOS camera with a pixel
pitch of 127au. Although the pixel pitch of the SLA was twice that of the detector.
the fill-factor of the SLM was such that we could align cach SLA pixel to one out
of every four detector pixels. In the forward-readout setup. we used high-quality
lenses. custom designed for one-to-one pixel matching.  The holographic medium
(LiINDO3:Fe) was placed at the Fourier plane of the lens system. The same crystal

was used in the conjugate readout experiment. All beams were 488nm and vertically
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Figure 5.1: One-to-one pixel matched (a) forward readout and (b) conjugate readout
experimental setups to compare image fidelity.

polarized.

In each setup we repeatedly recorded and read out holograms of a checkerboard
input pattern and analyzed the reconstructed images for SNR. Over 20 holograms
were examined for each setup. In the case of reading out with the imaging lenses,
the SNR ranged from about 3.7 to 4.5. We obtained nearly identical results with the
conjugate readout setup, with SNR varving from 3.8 to 4.5.

In both cases, the SNR was somewhat lower than what we would expect for
recording just a single hologram. As a check, we measured the SNR for a direct
imaging of the input pattern through the crystal without recording a hologram, and
this SNR was in the neighborhood of 4.7 to 5.7. The limiting factors on these SNR

values were the relatively poor contrast of the Kopin SLM with high spatial-frequency
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Figure 5.2: SNR distribution and sample image reconstructions from both forward
and conjugate readout experiments.

images and the noise of CMOS detector array.

As an added experiment, we repeated the above experiments, but with a simple
pixel-matched mask as the input, instead of using the SLM. The resulting SNR val-
ues improved with both readout methods, the variance of the distributions ranging
from 4.0 to 6.0 for the imaging system and from 5.1 to 6.1 with the conjugate read-
out. The distribution of SNR values, as well as sample reconstructions from the two
experiments, are shown in Figure 5.2.

The SNR results from both the experiments with the Kopin SLM and the pixel
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| System | SLM: Kopin LVGA | SLM: Mask |
Direct 4-F imaging 1.7-5.7
Forward hologram 3.7-4.5 1.0-6.0
Conjugate hologram 3.8-1.5 5.1-6.1

Table 5.1: SNR results from comparison of image fidelity of {forward readout and
conjugate readout systems,

mask are summarized in Table 5.1. This outcome demonstrates that the phase con-
jugate readout method is capable of providing reconstructed image fidelity that is at

least as good as what we can get using an expensive imaging lens system.
: ¢ & .

5.2 90°-geometry conjugate readout with copying

We now proceed to apply the periodic copying technigue to a holographic memory
with conjugate readout. A schematic of the experimental setup is shown in Fig-
ure 5.3(a). The photorefractive medium is a cube of BaTiO3, cut 30° with respect to
its axis as shown in the figure, and we use the Dynamic Hologram Refresher chip that
we described in Section 4.1.2 to serve as both iuput SLA and output detector. We
used a wavelength of 488nmni, provided by an argon ion laser. for these experiments.
The collimated laser beam enters the svstem from the top of the figure. controlled
by mechanical shutter MS1. This beam is split at polarizing beam splitter PBST into
signal and reference components. The signal component (going down) passes through
the polarizing beam splitter PBS3. acquires a 45° polarization tilt from the half-wave
plate and illuminates the DHR chip, from which the data that is to be recorded is
tmprinted onto the signal beam. By the nature of the liquid crystal SLA design of
the DHR, the data-carrving portion of the signal beam is vertically polarized upon
reaching the polarizing beam splitter PBS3 and is thus redirected to the BaTiOy
ervstal. The reference component (exiting left from PBST) passes through a 90°-
twisted nematic liquid-crvstal cell (TNLC) under computer control. which gives the

beam a vertical or hovizontal polarization tilt depending whether we wish to record
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Figure 5.3 Experimental setup for conjugate readout with periodic copying in the
90° geometry: (a) schematic, (b} photograph.
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Figure 5.4: Method for achieving linear shift in conjugate reconstruction to compen-
sate for offset SLM and detector pixels in DHR array.

or read out a hologram. The combination of the polarizing beam splitter PBS2 and
the mirror loop directs the reference beam to either the top or bottom face (in the
figure) of the crystal depending on the polarizion that we select. All beams incident
to the crystal are vertically polarized. Recording is accomplished with the forward
(downward) reference and the signal beam. For recording multiple holograms, the
crystal is mounted on a rotation stage to allow angular multiplexing. Readout is
achieved by switching the TNLC to illuminate the crystal with the conjugate (upward)
reference. The diffracted reconstruction then propagates back to, and is read by, the
detector array on the DHR.

Because the SLM and detector pixels are spatially separated (by 77um) on the
DHR, we cannot use the exact conjugate beam to reconstruct the hologram, or else
the reconstructed pixel images would fall on the modulator pads of the DHR where
they cannot be detected. We solve the problem by aligning the DHR so that the
SLM and detector pixels are offset vertically from each other and tuning one of the

mirrors in the reference loop to apply a slight vertical tilt to the conjugate reference as
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shown in Figure 5.4. Because this direction is that of selectivity degeneracy and the
corresponding Brage sclectivity is weak. the reconstructed image is shifted without
appreciable attenuation or distortion of the conjugate reconstruction.

We included additional components that permitted us to monitor the status of the
experiment. but which were not required for the system operation. A CCD camera
(CCD1) and an imaging lens were added to monitor the forward reconstruction.
For diffraction efficiency measurements. CCD1 was replaced with an optical power
meter. Conjugate reconstructions could be observed with CCD camera CCD2 by
adding a hall-wave plate between the crvstal and PBS3 to allow transmission of the

reconstructed image through PBS3 to the camera.

5.2.1 Refreshing with thresholds

The goal of our first experiment was to test the DHR operation. conjugate readout of
holograms. and the ability to reliably refresh a hologram. We recorded a hologram.
allowed it to decay under illumination. and periodically refreshed it for 50 cveles
under computer control.

More specifically. an initial hologram was recorded between the input data page
displaved ou the DHR and the forward reference beam until its diffraction efficiency
reached an arbitrary preset target of 1.2 x 1071, The signal beam was then shut off
by closing mechanical shutter MS2. thus exposing the hologram to only the forward
readout reference. When the diffraction efficiency fell below a lower threshold set at
7.0 x 107", the TNLC was switched to read out the hologram with the conjugate
reference beanm. and the data page was sensed by the DHR and stored in its internal
memory. The stored data page was then displaved on the SLAL array and the hologram
was rewritten with the signal and forward reference until its strength was restored to
its target level. at which point we repeated the process.

The light intensities of the recording beams at the crvstal were approximately
LASmW /em? for the forward reference bheam. 1.20mW /em?® for the conjugate ref-

g - D g . . « . -
crence. and 1.79mW /em” for the signal beam with all SLM pixels turned on. The
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Figure 5.5: Evolution of diffraction efficiency for hologram refreshed over 50 cycles
using threshold levels.

conjugate diffraction efficiency was measured to be 33% of the forward efficiency. The
evolution of the conjugate diffraction efficiency over the 50 refreshing cycles is plotted
in Figure 5.5. The stored hologram was read both before and after each refreshing
operation and compared with the known input data. No errors were detected at any
cycle in any pixel of the detected holograms. In Figure 5.5, we see that very often the
diffraction efficiency of the hologram overshoots the upper threshold by a substantial
amount before beginning its decay. This is simply because the time increment that we
chose to periodically monitor the diffraction efficiency was too coarse to immediately
detect when the upper threshold was crossed.

Figure 5.6 shows some of the images from the experiment. The original input page
(the letters “CIT” displayed on the SLM modulators and imaged through the crystal)
is given in Figure 5.6(a); Figures 5.6(b) and (c¢) show the forward and conjugate

reconstructions, respectively, after the initial recording; and Figure 5.6(d) shows the
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(d)

Figure 5.6: Images from refreshing experiment: (a) input image, (b) forward recon-
struction, {¢) conjugate reconstruction after initial recording cycle, and (d) conjugate
reconstruction after 50 refresh cveles.
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[ Image | CR ‘ SNR [ PE ]
DHR display 15.2:1 [3.76:1 | 2.6 x 107" |
Forward reconstruction. 1 evele 18.8:1 | 2.24:1 | 1.4 x 1071
Conjugate reconstruction. 1 cyvcle 11.0:1 | 3.23:1 | 3.7 x 10
Conjugate reconstruction. 50 eveles | 11.7:1 ] 3.03:1 | 1.6 x 107

Table 5.2: Contrast ratio. signal to noise ratio and probability of error corresponding
to the images shown in Figure 5.6.

conjugate reconstruction after 50 refresh operations.

We analvzed these images for contrast ratio, signal-to-noise ratio. and probability
of error. The results are summarized in Table 5.2, From the analysis we can see that
the conjugate image fidelity does not degrade significantly as a result of the repeated
refresh operations.

An interesting benefit of conjugate readout is that it can help compensate for the
attenuation of the reference beam as it propagates through the cryvstal. The absorp-
tion of our sample of BaTiO; at 488nm was substantial the total transiission
through the 5.7mm-thick ervstal was 12%. As a result the hologram is written most
strongly near the entrance face of the forward {recording) reference and gradually
becomes weaker as the reference beam attenuates through absorption as depicted
in Figure 5.7. Reading out the hologram with the forward reference reinforces this
effect. since in this case the readout reference is also strongest where the hologram
is strongest. The result is a nonuniform reconstruction. noticeable in Figure 5.6(b)
where the image intensity is brightest at the top and falls off toward the bottom of
the image. A vertical cross-section of this image. taken along the center of the letter
“1.7 is shown in Figure 5.8(a). In contrast. an identical cross-section of the conjugate
reconstruction (Figure 5.6(¢)) of the same hologram is shown in Figure 5.8(I). The
intensity profile of this hnage is more balanced because the conjugate readout beam
enters the ceryvstal where the hologram is weakest: hence the strongest portion of the
conjnugate reference heam reads out the weakest portion of the hologram and vice

versa.,
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Figure 5.7: Compensation of nonuniform intensity profile caused by crystal absorption
by using conjugate readout.

5.2.2 Refreshing three holograms with constant exposure time

Having verified the ability of the lensless conjugate readout architecture to refresh
holograms with no significant loss in image fidelity, we extended the experiment to
include the multiplexing of multiple holograms, and we also switched to implementing
a fixed time exposure schedule (described in Chapter 3) instead of using threshold
levels for determining when to refresh the holograms.

The experimental setup remained the same (Figure 5.3(a)) as for the previous ex-
periment, but this time we angle-multiplexed three holograms by rotating the crystal
between exposures. The measured angular selectivity for this crystal was 0.007°, but
we used angular offsets of 0.050° in the experiment to separate adjacent holograms
by seven nulls of the selectivity function. We also chose an exposure time of 6 sec-
onds. The light intensities of the recording beams at the crystal were approximately

1.69mW /cm? for the forward reference, 1.43mW /cm? for the conjugate reference, and
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(b) conjugate “CIT” image reconstructions.
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2.28m\V /em? for the signal beam with all pixels turned on (1.51mW /em? with ~CIT”
displayed on the DHR).

Each hologram was initiallv recorded for 6 seconds with the input data page. Upon
completion of the recording cvele. we immediately returned 1o the first hologram to
begin the refresh cveles. We had no dedicated decay illumination in this experiment
as we had in the experiment of Section 5.2.1: the decay of the stored holograms was
caused by the writing and refreshing of the other multiplexed holograms. To refresh
cach hologram. the stored hologram was read. and this data was then used to rewrite
the hologram for the same recording time as the initial recording. 6 seconds. This
refresh was repeated for each of the three holograms. and the entire refresh cvele was
repeated for 100 cveles.

The diffraction efficiencies of the holograms over the course of the experiment are
shown in Figure 5.9. From the curves we can see the gradual increase in the diffraction
efficiency levels as they progress toward the steady state levels. As each hologram was
read prior to being refreshed, we compared the reconstructed data with the original

input data. No errors were detected during the experiment.

5.3 Transmission geometry: Refreshing of 25 holo-
grams

Unfortunately. our BaTiO4 sample does not have a large M/# when used in the 90°
geometry. To further test periodic copyving with a larger number of holograms. we
altered the experimental setup to record in the trausinission geometry as shown in
Figure 5.10. This setup is essentially identical to that of Figure 5.3 except that we
have tilted the reference arm mirror loop so that the recording beams may enter the
same face of a transmission-cut crvstal.

We followed the same experimental procedure described in Section 5.2.2 except
we mnltiplexed 25 holograms and refreshed them for 100 eveles using a fixed exposure

time of 4 seconds. For the 5.7mm-thick cryvstal. we used angular spacings of 0.15°
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Figure 5.9: Evolution of diffraction efficiencies for 3 angle-multiplexed holograms

refreshed over 100 cycles in the 90° geometry.
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Flgure 5.10: (a) Schematic of experimental setup for conjugate readout with periodic

copving in the transmission geometry, and (b} a photograph of the setup
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Figure 5.11: Evolution of diffraction efficiencies of 25 angle-multiplexed holograms
over 100 cycles in the transmission geometry.

between adjacent holograms. The measured selectivity for this crystal was 0.03°
for the first null. The light intensities of the recording beams at the crystal were
99uW /em? for the forward and conjugate reference beams and 31puW/cm? for the
signal beam with “CIT” displayed on the DHR. All recording beams were polarized
in-plane at the crystal.

Figure 5.11 shows the diffraction efficiencies measured from the experiment for all
25 holograms. The curves for all of the holograms are superimposed in this graph:
each curve is similar in shape to those from Figure 5.9. They are superimposed here
to examine the consistency among the holograms.

A few sample reconstructions from this experiment are shown in Figure 5.12.
Figure 5.12(a) shows a sample conjugate reconstruction after the initial recording;
Figure 5.12(b), (¢), and (d) are conjugate reconstructions of holograms #1, #13,

and #25 at the end of the 100 refreshings. The conjugate diffraction efficiency was
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(d)

Figure 5.12: Sample reconstructions from 25-hologram experiment: (a) after initial
recording, {b) hologram #1, (¢) hologram #13. and (d) hologram #25 after 100
refreshes.

measured to be 77% of the forward diffraction efficiency in this experiment.

Results of analvzing these images for SNR and probability of error are summarized
in Table 5.3. Both visually and analytically we observed no appreciable loss in image
quality from the refresh operations. The higher SNR and lower probability of error at
the end of the experiment is consistent with the fact that after 100 refreshes. all of the
holograms are well into the steady state region where the diffraction efliciencies are
significantly higher than after the initial recording. Also. among the three holograms
examined at the end of the experiment, the holograms toward the end of the cycle

vield better values because their diffraction efficiencies are higher, having been the
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[ Image I SNR } PE
Conjugate reconstruction. 1 cvele | 3.94:1 | 8.2 x 107
Hologram #1. 100 cveles 4281 [ 1.0 x 1077
Hologram #13. 100 cveles 1.69:1 | 5.3 x 1077
Hologram #25. 100 cveles 5.03:1 | 2.9 x 107

Table 5.3: Signal to noise ratio and probability of error correspouding to the images
shown in Figure 5.12.

most recently refreshed and thus the strongest. No errors were detected in any pixel

in any hologram during the course of the experiment.

5.4 Comparison with copying theory

Although it is possible to extract the recording and erasure time constants by mea-
suring the slopes of recording and erasure curves. measuring these parameters in this
way will not account for some of the additional factors involved in the real experi-
ment. such as the illumination from the readout beam, probe beams from monitoring
the diffraction efficiencies of the holograms. and dark decay that occeurs hetween ex-
POSULes.

To extract more accurate characteristic time constants as they relate to the ex-
perimental dvnamics. we can calculate the relevant parameters from the measured
data. Figure 5.13(a) shows the data from Figure 5.11 replotted to show the grating
amplitudes instead of diffraction efficiencies. From the lower and upper boundaries
of the steady state variation of the grating amplitudes (let us call them 4y and ..

respectively). we have the following relations:

A, \
Ay — A = —4, (5.1)

e

for the recording/refreshing of one hologram. assuming we are in the regime where
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Figure 5.13: (a) Experimental results of Figure 5.11 converted to grating amplitude
variation, and (b) simulated variation expected for each hologram based on measured
recording and erasure rates.
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for its decay as the other holograms are written. We can solve for 4, /7, and 7, from
these two equations. given experimental values for 4, and A,. From Figure 5.13 we
have A, = 0.020 and 4, =~ 0.048. vielding A,/7, = 0.007s"" and 7, = 109.7s. This
corresponds to an M/# of 0.77 and an optimum fixed exposure time of {, = 4.4s when
copving 25 holograms (refer to Chapter 3). We use these extracted values of A, /7,
and 7. to simulate the expected evolution of the grating amplitude for cach of the
25 holograms. based on the the recording dynamics described by Equation 3.38. The
result is plotted in Figure 5.13(b). As we can see from the two plots. the experimental
amplitude behavior is consistent with our theoretical model.

[n another series of experiments. we specifically varied the exposure time 1, to
measure its effect on the minimum grating strength for the refresh evele. We used the
experimental setup shown in Figure 5.14. recording holograms in the 907 geometry
with a 45"-cut BaTiO4:Ce crystal. We recorded 50 angle-multiplexed plane-wave

holograms using a fixed exposure time ¢, and then refreshed each hologram for the
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Figure 5.15: Progression of grating strengths for 50 holograms during the first refresh
cycle.

same time t,. The angular spacings between the holograms were 0.05°, and both signal
and reference beams were of equal power (354uW /cm?) and vertically polarized. The
diffraction efficiency was measured both before and after each exposure.

Figure 5.15 shows the results of the experiment when we used an exposure time
of t, = 6s. The levels a; and a9 are the averages of the grating amplitudes before
and after the initial recording cycle, respectively. Since there were no prior gratings
in this case, «; is simply the background noise level for the trial conditions. a3 and
oy are the averages of the amplitudes before and after the subsequent refresh cycle.

The key measurement in the experiment is the difference between «z and oy;
this is the amplitude of every hologram in the second cycle prior to being read and

refreshed, and it is the value that we should maximize to increase our chances for
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Figure 5.16: Experimental variation of A4, versus exposure time for 50 holograms.

error-free reconstruction. We repeated this experiment for exposure times of 2, 4, 6,
8, and 10 seconds, with the resulting averages of a3 — ¢y shown in Figure 5.16.
From the data plots such as Figure 5.15, we can extract the erasure time constant
by a method similar to the one described earlier for analyzing Figure 5.13. Averaging
over the five trial runs, the experimental time constant was calculated to be 7, = 370s.
For storing 50 holograms, Equation 3.6 predicts an optimum exposure time of 7.4s to
maximize the diffraction efficiencies. This is consistent with the experimental results

of Figure 5.16.

5.5 Discussion: Non-ideal experimental conditions

Quality of conjugate readout beam

Although it is easy in theory to claim that a counterpropagating plane wave is
sufficient to act as the conjugate reference of a planar forward reference, in practice
it is not so straightforward. The difficulty is in producing a true planar reference
wave. If the phase-front of the input reference beam has any curvature to it, and if

we do not use something like a self-pumped crystal to produce a true phase conjugate
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divergent
forward reference

Figure 5.17: Consequence of non-planar reference wave.

reference, then there will likely be some distortion of the conjugate reconstruction.

For instance, consider the case where the forward reference is slightly divergent,
as shown in Figure 5.17. Regardless of whether we redirect the reference to the
opposite side or simply use a planar mirror, the “conjugate” beam we obtain with
these methods will have the opposite curvature of the one used for recording. The
end result will be that the reconstruction that we get will be both attenuated because
of Bragg-mismatch effects and also scaled in the direction of degenerate selectivity.
This would negate the advantage of self-aligned readout that we expect from using
the conjugate reconstruction method.

In experiments described in this chapter, we controlled this problem by placing
the collimating lens of the beam expander on a translation stage, so that we could
fine tune the sphericity of the plane wave in the system if we observed any scaling of
the reconstructed image. More sophisticated methods for controlling the beam shape
could possibly involve some technique for active focusing.

The use of a self-pumped crystal to produce the conjugate reference remains a more
accurate method of obtaining the proper conjugating beam, but such a system would

suffer a cost in the access speed (since a delay is required for the grating formation
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in the conjugating crystal) as well as in conjugate beam power and compactness.

Cross-talk in geometrically-limited systems

When dealing with a copving-based memory architecture. special consideration
must be given to the problem of cross-talk between adjacently multiplexed holograms
within a given spatial memory location.

The diffraction efficiency of a Bragg-mismatched holographic reconstruction falls
off as

](lijj’ ~ .'s‘iH(‘2 é..&/n . (53)

o

where Ak, is the parameter that reflects the degree of the Bragg-mismatch. Normally
we expect to be able to record adjacently multiplexed holograms as close as the second
null of the selectivity function without being limited by interpage cross-talk. However,
this assumes that the adjacent holograms are of the same diffraction efficiency. as is
the case for write-once memories that use the standard exposure schedule for achieving
cqualized grating strengths at the end of recording. The intensity of the first lobe
of the selectivity function (Equation 5.3) is only 4.7% of that at the peak. so this is
generally a safe assumption.

However, in the case of a copied memory. if we follow a regular sequential pattern
within the refreshing cveles. every time we try to detect a weak hologram that needs
refreshing, it will be adjacent to the hologram that we most recently refreshed. The
peak strength of a weak hologram in need of refreshing mayv not be sufficiently strong.
relative to the size of the side lobe of a just-refreshed hologram. to avoid getting
swamped by cross-talk noise.

This etfect may be reduced to sone extent by interleaving the sequence in which
holograms are scanned for refreshing. but it mayv be necessary to increase the angular
distance between holograms bevond what is normally required in non-copied memo-
ries. If the geometric limitations of the svstem prevent the wide spacing of holograins.

then another option is to use an exposure time that is shorter than the optimum /.
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From Figure 3.3 we observed that by using an exposure time shorter than that for
8 : &
maximizing capacity. the disparity between the weakest and strovgest holograms in

the evele is reduced. but at the cost of a lower minimum grating amplitude.
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Chapter 6 Conclusion

While a rewritable holographic memory is an intriguing idea. considerably more
progress must be made before it becomes a {easible one (on a competitive level with
existing techuologies). We can expect to make some gains through continued research
in the holographic aspects of the architecture. but the future of holographic memories
also depends heavily on the progressive improvement in other arcas. such as liquid
crvstal devices and material research in recording media.

With regards to the issue of storage volatility in photorefractives, periodic copyving
appears to be the best solution at the moment. Other approaches mayv be able to slow
or perhaps completely eliminate the decay of the stored gratings due to the readout
illumination. but subsequently changing the stored data pages inevitably involves first
reverting to a state in which the holograms are again volatile. As new information
is added or rewritten. the previously stored information will deteriorate and must
necessarily be refreshed in some wayv. At this point. periodic copying is the only
technique capable of performing this task. However, it may be possible to use other
nonvolatile storage techniques in conjunction with copving to reduce the frequency
at which the memory must be refreshed.

The challenge of the copying approach is in the complexity of the control algo-
rithms for maintaining the ability to properly read. measure. and accurately erase
a range of hologram strengths, and also the ability to efficiently schedule random
accesses to the memory simultaneously with the required data refresh eveles. The
dyvnamic range requirements of rewritable memories will also be significantly more
demanding than that for ROM systems. In order to offer fast random access rates.
dvnamic memory systems may only be able to hold 10 20% of the capacity of a static
merory using the same recording material.

There are at least three key technologies on which holographic memories must
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depend for continued advancement.

Recording material

Finding good recording materials has long been a serious concern for holographic
storage svstems. Currently, the capacity of most such memories still tend to be lim-
ited by the dyvnamic range of the medium. rather than by geometric limitations on
multiplexing holograms. Finding materials with higher M/# is of key importance.
since with higher M/# we can increase storage capacity and shorten both the writing
time and detector integration time for readout. It would also be helpful to find mate-
rials that are sensitive at longer wavelengths, as many of the currently available laser
technologies are still most efficient in the red or infrared regimes. For rewritable mem-
ories we have the added constraint that we would prefer to develop materials without
a photovoltaic current, in order to make it easier to apply the copyving method to such

svstems.

Laser sources

The outlook for holographic memories also hinges on the development of laser
sources that are stable. compact. low-cost. high-power. and preferably lases at visible
wavelengths, We also require good coherence properties in order to record holograms
efficientiv. One of the most promising possibilities is the recent advent of VCSEL tech-
nologv. Current research in that area is gradually increasing the power efficiencies of
these lasers and also moving the wavelength toward the blue-green regime. Coherence
length. however. remains something of a problem. Much of the VCSEL developiment
effort is presently aimed at optical communication applications. for which laser co-
herence is not a desirable feature. This is less of a problem for holographic ROAM
architectures. but improvements in coherence must be made before such lasers can

be incorporated in rewritable syvstems.

Input/output devices

The high parallelism of holography is one of its principal attractions. but it is

also one of its mitations. Part of the difficulty in receiving the full benefit from the
) 8
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parallelism is in finding wayvs to rapidly input and retrieve large data pages to and
from the memory. Furthermore. while it is true that by writing or reading a single
page of data. we can transfer on the order of a megabit at a time. for a random-access
memory. it is not usually the case that the entivety of a page will be useful to us. If
we require just a few bits of data from many different pages. then the parallelism does
not help us. and we remain limited by the switching speed of the input and output
devices.

Both SLMs and detector arravs have undergone steady improvement over the
vears in page density. speed. and sensitivity. With corresponding improvements in
material M/# and laser power. the detector integration time for readout can be in
the microsecond range. However, the recording rate is presently limited to the order
of milliseconds. due to the relatively slow switching speed of the liquid crystal SLMs
that are most commonly used today for data input. The recording rate may be raised
by developments of faster liquid crvstal technology. such as ferroelectric devices. or

by development of new light modulating methods.

Future work

There remains considerable research that can be done to continue the work described
in this thesis. primarily in the investigation of periodic copving and in testing various
aspects of the compact architecture that we have described.

In our experiments of Chapter 5. we did not have the opportunity to incorporate
the active erasure method that was discussed in Chapter 3. A logical next step would
he to add a device to the reference beam path that can impart a 180-degree phase
shift to the beam. so that holograms mayv be selectively written or erased. Another
interesting experiment would be to build a similar setup. but with separate SLA]
and detector devices instead of with the DHR chip. The alignment requirements of
such a system would he more stringent. but it would allow higher density data pages
to be stored with possibly better performance available from commercial SLMs and

detectors. Improving the DHR chip is another possibility. We have developed a design
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for the next-generation DHR device with a finer pixel piteh, but this version has not
vet been fabricated. A final. more ambitious experiment could be to develop a method
for allowing photovoltaic materials to be used in read/swrite systems. by detecting
the phase of existing holograms and matching this phase during page refreshes and
CTasures,

On the architecture side. much work remains to be done. The idea of combining
holography with liguid cryvstal beam-steering devices and VOSEL arrayvs is still in its
relative infancy. Both technologies are currently in development and were not casily
available at the time this study was being conducted. Many experiments can and
should be done to characterize the performance and reliability of these methods for
holographic recording and readout. once these devices become more readily available.
Conjugate readout architectures can also be refined to more accurately reproduce the
phasefront of the original recording beam upon readout. and hence improving the

image fidelity vielded by this method.
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