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Abstract. — We discuss the influence of the limited available number of photorefractive centers on
the holographic storage capacity of phase holograms in photorefractive materials. We compare this
limitation with the other sources of noise that also limit the holographic storage capacity of
photorefractive materials. As an example, we apply our formulae to gray level images stored in a
BaTiO; photorefractive sample.

1. Introduction.

Various schemes for volume holographic storage in photorefractive materials have already
been proposed and demonstrated [1-9]. This photorefractive effect is now a very well known
phenomenon [10]. It arises from the existence of electric charge centers (growth defects or
doping centers) distributed at random in the crystal volume. These centers are partly occupied
by electric charges, electrons or holes. Under illumination, these electrons (or holes) are
excited in the conduction (or valence) band. Then, they migrate in the crystal until they
recombine in another empty center. This process results in a depletion of electrons in the
regions of largest illumination and accumulation of electrons in the others. For instance a
spatially periodic illumination, such as the one created by the interference of two light beams,
induces a charge grating and thus an electric field grating of same period. An index grating
results from the Pockels effect. The photorefractive effect thus allows the real time recording
of holograms. Because of the low dark conductivity of photorefractive crystals, these
holograms are stable in the dark. The reconstruction of the image beam by a reference beam
releases the electric charges and thus erases the stored information. However various
techniques, such as fixing processes [11-17] non destructive readout methods [18, 19] or
refreshing procedures [20-23], may be employed to prevent this loss of information so that
photorefractive crystals may be used as dynamic (write/ferase) memories with a long term
storage.

Most photorefractive materials are available in high optical quality and large sizes. Thus,
taking advantage of the angular or wavelength selectivity (Bragg effect) of thick crystals, many
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holograms can be superposed in the same volume [24]. They form a stack of images. In order
to further increase the storage capacity, several stacks may be juxtaposed side by side in the
same crystal volume.

In principle, one may think that very large capacity memories can be constructed using this
photorefractive effect. This was the aim of many experiments performed up to now. These
demonstrations were supported by the work of van Heerden [25] who determined the
maximum theoretical capacity of optical volume data storage to be about Vol/A 3, with Vol the
crystal volume and A the optical wavelength in the material. These data being either binary,
bits, or multilevel data if the signal to noise ratio is large enough. As an example, for a crystal
of volume 5 x 5 x 5 mm?, a wavelength A = 220 nm, the theoretical limit gives a capacity
¢ ~ 10" data. However, the maximum number of stored images in a single photorefractive
crystal was 5 000 video images with 320 x 220 pixels each in a 3 cm’ crystal [6]. In that case,
the capacity was about 108 data (gray level pixels). This value seems to be about the maximum
that can be holographicaily stored in a single stack of a photorefractive crystal.

One of the reasons for this limitation, that we will discuss in detail below, is that the
calculations performed by van Heerden cannot be applied to usual holographic storage. After
this discussion, we will derive the valid expressions for maximum storage capacity of
holographic materials. We will briefly derive an estimate of maximum storage capacity of
color center materials and we will describe in more details the storage capacity of
photorefractive materials. Then, because of the finite usable optical power, we will
demonstrate that a trade off must be found between the capacity and the output data rate.
Before concluding, as an example, we will apply all these results to determine the storage
capabilities and limitations of one of the most commonly used photorefractive crystals.

2. Some comments about the ultimate capacity of volume storage.

van Heerden estimated the optical volume data storage capacity as follow. First, he calculated
the minimum size of a storage cell. This size is limited by diffraction only so that its volume is
about v = A . Thus in the total crystal volume Vol, the total amount of information cells is
¢ = Vol/A % Furthermore, if in each cell a data can be stored and retrieved with a large enough

amplitude signal to noise ratio SNR, according to Shannon definition, the total amount of
stored bits is :

c~%)3—llog2(SNR). ¢))

He took the example of color center crystals in which holograms are stored by bleaching these
centers. If the density of color centers is N, he estimated the total amount of bleached color
centers per stored hologram to be N .. Vol/ \/E. However the main source of noise is due to the

random distribution of color centers. The noise amplitude is thus proportional to /N .. Vol. In
that case. the amplitude signal to noise ratio is :

SNRz—-——VN“VOL\/NCCN. (2)

Ve

Combining equation (1) with equation (2) leads to very large capacities. We will now show in
the next paragraph that this theoretical capacity can never be reached with angular holographic
multiplexing. The reason is that van Heerden assumed that all data are recorded in a single
exposition. This recording procedure leads to very large signal to noise ratios. We will explain
why the recording of several holograms in the same material volume leads to much poorer



N° 12 PHOTOREFRACTIVE VOLUME HOLOGRAPHIC CAPACITY STORAGE 2429

signal to noise ratios. For elementary cells with ultimate volume v = A ®, the signal to noise
ratios are much lower than unity so that formula (1) is no more valid.

3. Holographic storage.

To independently retrieve the images stored in a single stack, the angular or wavelength Bragg
selectivity is used. For instance in the reference beam angular multiplexing. the crystal
orientation and the image beam incident angle are constant. The address of each image is
represented by the incident angle of the reference beam which is changed for each image
recording. The images are retrieved by reading out with the reference beam set at the same
incident angle that was used for recording. If the spacings between the angles are large enough,
the images are retrieved with negligible crosstalk. In wavelength multiplexing, the optical
wavelength of the recording beams represents the address of the image. Different other
encoding techniques have been proposed and demonstrated such as the « rotating crystal
multiplexing », the « reference beam phase encoding » or the « electric field encoding ». All
these techniques use the Bragg selectivity and it has been demonstrated that their image
capacities are limited by the same geometrical constraints [26]. All of them also suffer from the
same limitation arising from noise due to the random distribution of electric charges. For sake
of simplicity we will discuss this limitation taking the example of the reference beam angular
multiplexing. However, similar discussions, leading to similar results, could be developed for
the other multiplexing schemes.

3.1 MODULATION RATIO OF ANGULARLY MULTIPLEXED HOLOGRAMS. — Experimental scheme
for angular multiplexing of N images with M \/M pixels each may be represented as shown
in figure 1. The reference beam is assumed to be a plane wave and the image beam is
composed of uniform plane waves. Their intensities represent the pixel values. The wave
vector of the reference beam for the recording of the nth image is K Similarly we note
k! the wave vector of the mth pixel beam for the recording of the same nth image. With similar
notations, the amplitudes of the beams are A},; and A},. The pixel value is encoded either on the
amplitude A}, or on the phase of that beam while the reference beam amplitude A is the same
whatever the recorded image. For each exposure, we thus record two kinds of gratings : first
the gratings due to interference between the pixel beams which do not participate to the

&
()
’000
©
S
8, G
holographic
T T = recording
medium
Image ;?0
é?

Fig. 1. — Recording angular multiplexing scheme chosen for calculation. The image beam is composed
of M plane pixel waves overlaping in the holographic material.
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information storage ; second the gratings induced by the interferences between the pixel beams

and the reference beam. For these M last ones, the modulations of the interference pattern

m™" and grating wave vectors k" " are :

2|Ans A"|

Arer) + Z An)y

m=1

m,n _

and k3" = ki — ky, (3a)

In order to slightly simplify our calculations, we assume that the image intensity
M

I, = z (A")? does not depend on the image we consider. This assumption is exact for pure
m=1

phase modulation. It could also be a good approximation if pixel number M is large enough.

Equation (3a) thus simplifies to :

2|A”
mm = 2|AwAn] and K" = Ko — kK, (3b)
[ref + Ixm

with 7 ¢ the reference beam intensity.

To determine the signal to noise ratio, we first need to find the relation between the
modulation of the interference pattern and the amplitude of the refractive index (or absorption)
modulation of the stored holograms. If only one hologram resulting from the interference of
two uniform plane waves (i.e. one reference beam and a single pixel beam) of equal intensities
is recorded until material saturation, then the maximum index modulation én.,, is reached.
The material refractive index is thus:

n(r) = ng + 8ny,, sin (k, r) (4)

with n, the material refractive index when no grating is recorded.
Similarly, if only one hologram of a complex image is stored at saturation, then the index
modulation 8x™ ', corresponding to the grating with wave vector kI* ', is equal to :

st = m™ ! Sy, )

If several images are sequentially recorded in the same material volume, then the index
modulations are reduced. For photorefractive crystals, if the recording and erasing times are
equal, then the index modulations 8a™ " are inversely proportional to the number
N of superposed images :

sn™" =mg " 8ny,, with mg " =m™"IN (6)
¢ " is the modulation ratio of the recorded grating.
This expression simply shows that the finite amount of electric charges which are used to
record information is shared between the N images. For color center materials, in which the
bleaching of absorption a is proportional to the recording intensity, one obtains a similar
expression. With obvious notations we get:

m

da™" =mg" S, - €]
From equations (6) or (7), one sees that to maximize the retrieved signal (and thus to increase

the signal to noise ratio), the modulations mg" " of the stored patterns have to be maximized.
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This optimization depends on the type of data which is used. We will consider two types of
data either with pure phase pixels or pure amplitude pixels.

3.1.1 Data encoded on the phase of the pixel beams. — In that case, the amplitude of all pixel

beams is the same and equals to A,,,. The modulations are maximum when A, = A/ VM

and we get:

m no__ 1/(N \/—) (8)

3.1.2 Data encoded on the amplitude of the pixel beams. — We now consider the case where
each pixel intensity varies between two values, I, = 1, # 0 and /,, = 0. The average pixel
intensity is /7578 = //r. The modulations for the pixels, with the largest intensity values

1y, are now maximum when [, = I /M. We find :
"< (N VM) ©)

Because it is difficult to perform phase detections (homodyne detections) on images, from now
we only consider intensity detections. Furthermore, we restrict our analysis to amplitude data
so that equation (9) must be used.

First we will quickly derive the expressions for signal and noise for absorption holograms in
order to demonstrate the changes that must be performed on the ultimate capacity expressed by*
equation (1). Then we will examine more deeply the case of index holograms recorded in
photorefractive crystals.

3.2 FUNDAMENTAL SIGNAL TO NOISE RATIO AND MAXIMUM CAPACITY OF ANGULARLY MULTIP-
LEXED AMPLITUDE HOLOGRAMS. — We follow the analysis performed by van Heerden. The
amplitude af;,} diffracted in the direction of a signal pixel beam is a random variable governed
by a normal law. Its standard deviation (noise) is due to the random distribution of color centers
and its mathematical expectation is proportional to the modulation ratio of the recorded

grating. We thus have :

Elagyil = mg"(N Vol) and o [ag,i]= /N Vol. (10)

On each pixel. one may store several bits encoded on amplitude levels. For instance if one
wants to retrieve the data with an error rate of about 30 %, then one must fulfill the following
equality :

Elaed (g — D]+ olagud (g — D1 = Elaii(9)] - o lahi9)] (11)

where integer g stands for the level number.
From equations (11) and (10) we find that two adjacent levels must be spaced by :

Elagd (@)1 — Elagd(g — 1)1 =2 (/N Vol . (12)

Thus taking into account equation (9) and because we have G + 1 levels (G positive levels plus
zero), memory capacity ¢ = MN and integer G are related by :

/Ne Vol \/—~2G (13)
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One should remark that for intensity detection, the levels are not equally spaced and the noise

depends on the level. The mathematical expectation of the detected intensity /.,{ is indeed :

ElUld] = (Elapi]) + (o laedl) (14)
while its variance is :
(Ui = 2(o lami D' + 4o (a1 (Elapa ). (15)

Equation (13) shows that for a given error rate and a given volume, capacity ¢ = MN is
inversely proportional to the number N of stored holograms. It is worth having few images
with a large number of pixels rather than the opposite [27].

For instance, if one wants to record binary images (G + 1 = 2) with equal probabilities for
the pixels to be on or off (r = 2), if N, = 10" cm™3 and Vol = 5 x 5 x 5 mm®, for realistic
values of pixel number M = 10° pixels we find from equation (13) N = 8 x 10° images
leading to a total capacity of M - N = 8 x 10° pixels. This value is further reduced if gray level
images are stored. Such values for the capacity are much lower than the ones derived from
formula (1). The main reason for this discrepancy is that formula (1) can be applied for
information recorded in a single exposition only while holographic data storage requires
multiple exposures.

4. Photorefractive holograms.

4.1 AVAILABLE PHOTOREFRACTIVE MATERIALS FOR HOLOGRAPHIC STORAGE. — Many crystals
present a photorefractive effect [10]. However, for photorefractive memories large photo-
induced refractive index variations and long term storage in the dark are required. Only a few
materials have these characteristics.

4.1.1 Sr;; _,Ba\Nb,Og. — SBN seems to be the most promising crystal [28]. It has a large
r333 electrooptic coefficient which can be reached without a special crystal cut. The phase
transition (that can be tuned by doping) is far away from the room temperature. It is also
subject to electric or temperature fixing.

4.1.2 KTa(, _, Nb,O;. — KTN has also been used to implement holographic memories [14],
however nearly no datum has been published on this crystal.

4.1.3 LiNbO;. — Iron doped lithium niobate is the most commonly used material for
demonstrations. The largest index modulations photoinduced in a photorefractive crystal were
obtained in lithium niobate using the photovoltaic effect. Furthermore it is available in very
large dimensions with high optical quality. For instance a 3 cm® sample was used to record the
5 000 holograms in [6]. Because of its strong mechanical properties, lithium niobate was also
employed to construct holographic disks {29, 30].

4.1.4 BaTiO;. — To achieve large diffraction efficiencies in lithium niobate crystals one must
use the photovoltaic effect. First this imposes the use of short wavelengths (usually 488 nm)
and second the photovoltaic effect may lead to the distortion of the phase of the image beam
wavefront. For these reasons. BaTiO, crystals are sometimes preferred (9, 27]. However they
also present some other drawbacks. Crystal are not available in large dimensions, a
S x5 x 5mm?® sample is considered as a « big » sample. To reach the maximum index
modulations, the sample must be cut at a certain angle of the crystallographic axis
¢. This cut is difficult and it reduces the size of the sample. A phase transition exists around
13 °C so that the crystal must always be kept above this temperature.



N° 12 PHOTOREFRACTIVE VOLUME HOLOGRAPHIC CAPACITY STORAGE 2433

Because the ultimate capacity of photorefractive materials depends on the type of crystal we
use, in the following we will base all our calculations on a BaTiO, sample.

Figure 2 shows a plot of the maximum refractive index modulation én,,,, that can be induced
in such a sample. The sample is cobalt doped in order to increase the magnitude of the
photorefractive effect [31]. The two interfering beams are extraordinary polarized and travel in

a plane perpendicular to the crystallographic b axis. The modulation ratio of the interference
pattern is one. 6, and #, are the angles between the wave vectors and the 4 axis. The index
modulation is symmetrical around #, = 8, for which 6n = 0. One sees that the index
modulation strongly depends on the difference 6, — 8, thus on the fringe spacing. This
dependence is mainly due to the variation of the photoinduced electric field with the grating
fringe spacing [10]. It also varies but more slowly with 8, + #,, that is with the orientation of
the grating planes. This variation arises from the variation of the electrooptic effect with the
orientation of the electric field. These dependencies are valid for all photorefractive materials.
Figure 2 demonstrates that a small part of the (8,, ¢,) plane is permitted only if one wants a
sizable refractive index modulation. Thus, the number of elementary storage cells will be
much lower than the maximum ¢ ~ Vol/A %,

o
&
”
& B
- 2
8 £
2% z
Q
< :
(0.0)

Fig. 2. — Absolute value of the photoinduced modulation of the refractive index in the Co:BaTiO; as a
function of propagation directions 8,, 8. of the 2 extraordinary polarized interfering beams ; the trap
density is N, = 4 x 107 m™*

This observed dependence of index modulation on 8, and ¢, is general for all materials in
which the photorefractive effect is driven by diffusion mechanisms. Different dependencies are
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found when the photorefractive effect is driven by an applied electric field or by the
photovoltaic effect [10].

4.2 FUNDAMENTAL SIGNAL TO NOISE RATIO OF PHOTOREFRACTIVE HOLOGRAMS. — We here
present a simplified approach for the determination of the signal to noise ratio limitation due to
finite number of photorefractive centers. A more detailed analysis is given in [32]. Because we
are looking for limitations due to noise, we simplify the following analysis by considering
small diffraction efficiencies only. We thus assume, first no beam depletion, and second that
the scattered light is not amplified by photorefractive two wave mixing (beam fanning
phenomenon) [10].

In the dark, the charges (ex. . electrons) are randomly distributed among the charge centers
whose density is N;. When these centers are filled with an electron, they are electrically
neutral. Some of them remain empty of electrons and present a positive charge. Their density is
Nj . Because the crystal is electrically neutral, there exist other negative charge centers whose
density is N 4. These centers, usually called « photorefractive trap centers », are inactive for
the photorefractive effect. To assure electric neutrality, the average values of densities
N} and N , over the crystal volume are equal. The trap centers N 4 are randomly distributed in
the material. When no grating is recorded, the centers N are also randomly distributed. The
redistribution of electrons among the charge centers leads to a new distribution of charges and
thus to the creation of a new electric field pattern. The resulting index modulation is
proportional to the electric field amplitude. For a single electric field grating, whose
modulation is £,, Poisson’s equation, links E,| to the modulation amplitude mN } ' of centers
Nj.

Ekg mkE,

e

mNi' = (16)

with kg the grating wave number, ¢ the dielectric constant, e the charge of the electron and
m the modulation ratio of the stored grating. If only one grating is recorded in the material, this
modulation ratio is equal to the modulation ratio of the interference pattern. The index
modulation is proportional to the electric field and thus to N} '. To compute 8n,, one must
thus find the maximum electric field that can be photoinduced. This field E, can be calculated
from the theory of the photorefractive effect [10].

To compute the signal to noise ratio, we consider a single datum (i.e. one pixel of one
image) written in the material by interfering two plane waves. A uniform charge grating
modulated along the x axis appears in the material. In steady state, the charge distribution is
written as :

Ni!
N =NA(1+m sin (kgx)) . (17)
Ny

Following a macroscopic approach, this represents the average distribution of charge density.
For large NJ, in a microscopic approach, the mathematical expectation equals this mean
value. Thus the mathematical expectation of charge number n(x)dx (random variable)
distributed in the slice of volume Af dx (thickness £, width dx) is:

+1

N
E[n(x)dx] = E[n(x)] dx=NA(1 +m Nd
A

sin (kgx)) Re dx . (18)
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Assuming that all charges are independent, the probability law for n(x) dx follows a Poisson’s
law giving a variance :

o n(x)dx] = E[n(x)dx] . (19)

This equation is only an approximation in case where the charges are not independent. For
instance, the Coulomb interaction is taken into account in [32].

The diffracted amplitude is proportional to the Fourier transform of n(x). Again, for
independent charges, one gets the mathematical expectation of the Fourier transform of
nix):

E[FT(n(x))] = E[ % fa sin (kg x) n(x) dx] = mhlN !sine [(kg - kg’) al 20)
]

a being the crystal size along the x direction and &, the wave vector of the observed Fourier
component.
Taking into account equation (19), its variance is :

o FT(n(x))] = 2N, hlla . 3

This variance corresponds to the amplitude diffracted by the random distribution of charge
centers Nj. Actually, we must also take into account the amplitude diffracted by the charge

centers N . Thus the variance for the amplitude is :
gt = 2 @ *[FT (n(x))] . (22)

Thus once again, taking into account equation (9), for an error rate of about 30 %, we find the
following relation between capacity ¢ = MN and integer G :

Vol N
26 = E[FT (n(x))] Vol i 23)

T et (FT (1 G)] MN2 2

in which we have considered signal detected in direction k, = kj.
Following the discussion of section 3, the number of levels for amplitude detection is

G + 1.

The maximum signal, and thus the maximum capacity is obtained for the maximum value of
N3' At most we have N} ' = N ,/2 [10]. From this value and from equation (23) one easily
derives the ultimate capacity.

One should remember that the capacity expressed by (23) is overestimated because many
other sources for noise are neglected.

4.3 CAPACITY LIMITED BY GEOMETRICAL CONSTRAINTS. — The maximum number of
elementary storage cells that can be defined in any holographic medium was precisely
calculated in reference [33]. The authors show that expression ¢ ~ Vol/A * underestimates the
total number of cells. Their results also apply for other holographic storage materials such as
color centers materials. Because of the dependence of the photorefractive effect on the fringe
spacing and on the orientation of the grating wave vector, only a small number of these
holograms can be recorded. Hereafter, we will derive a crude estimation for the number of
allowable cells in the case of a BaTiO, sample.

4.3.1 Pixel number per image in photorefractive crystals. — The number of pixels in a stored
image is ultimately limited by diffraction and thus by the crystal aperture. However because of
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the dependence of the photorefractive grating strength on the fringe spacing and on its
orientation, the image beam must be contained in a solid angle Af, x A&, so that the
diffraction efficiency remains high for all image components. This condition is also required to
keep the signal to noise ratios at their maximum. With a crystal with square entrance surface
h x h, and because Af, =~ AP, we get:

M = (A0, WL ) 24)

For a common BaTiO; crystal of entrance surface 5 x 5 mm?, each image may have up to
M =~ 107 pixels if the diffraction efficiency is kept around its maximum [34]. Of course, this
number can be increased but at the expense of diffraction efficiencies and of signal to noise
ratios. Such high resolution images have been stored in photorefractive crystals in two wave
mixing experiments (single dynamic image amplification) only. In these experiments [35] the
input image is a projector slide and does not have to be changed. However for optical
memories an input spatial light modulator is required to impress and to change the data on the
image beam. Thus in most experimental demonstrations of photorefractive memory, the
ultimate resolution is not reached but is limited by the number of pixels of the input spatial light
modulator.

The limitation imposed by the limited surface of the holographic medium appears in some
cases. For instance, photorefractive fibers were used to record images. The small entrance
surface (e.g. 200 pm in diameter for Ref. [36]) strongly limits the image resolution.

4.3.2 Number of images stored in a photorefractive crystal. — As explained above, to avoid
cross talk between reconstructed images, we take advantage of the Bragg selectivity. The
reference beam wave vectors are in the same incidence plane and the angular spacing
A, between the reference beams is chosen to be larger than the Bragg angular selectivity
A@y to avoid crosstalk. Because the diffraction &fficiency of photorefractive gratings strongly
depends on their orientations and fringe spacings, the allowable angular aperture for the
reference beams A#, must be restricted to get uniform diffraction efficiencies. This aperture
depends on the photorefractive parameters. For transmission holograms, the maximum number
of images N that can be stored in the crystal is about :

Ao Af i
N~ 200 L AG, cry.stal thlckpess 25)
A, Afy fringe spacing

For example, with a crystal thickness of 5 mm, an average fringe spacing of 3 pm and an
allowable angular aperture A¢, =~ 10° we find N < 290 superposed holograms. This number of
images can be slightly increased by using sampling grids as described in [6]. A more detailed
analysis for the image capacity is conducted in reference [33].

5. Data rate-capacity trade off.

We do not only want large capacities but we also desire high data rates. Of course, the power
P of the readout beam is limited. The diffracted signal must thus be integrated during a long
time enough to get a sufficient photon number per pixel to reconstruct the image [37]. Because
the readout time 7 is limited, and because the diffraction efficiency decreases when the number
of images increases, we have here a strong limitation on the memory capacity. If
n, is the photon number required for deciding the pixel value, the data rate for images is
expressed as :

ny = (M"Y PrDy, ng with D, = (7 8ngy, 0/A) (26)

max
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A, being the optical wavelength in vacuum, n, the photon number in 1 Joule (ny, = A hc,
h Planck’s constant and ¢ light velocity in vacuum).

As explained in paragraph 4.2, equation (26) has been written considering small diffraction
efficiencies (sin’[x] = x2).

The detection error rate depends on signal n,, on detector noise and on shot noise

My,

S. IMAGE MEMORIES.

5.1.1 Binary images. — If we deal with binary images, we have to detect the presence or the
absence of a signal. The main source of noise is thus the detector noise. We may choose a
reasonable value n, = 10° photons. Thus for a reading power of 10 mW at 532 nm, a
diffraction efficiency per hologram D,,,/N? of 0.1 % (which is readily achievable with
N =256 stored images) and coefficient r = 2, we get a maximum information rate of
M/T =5 % 10'° s~ ! Consequently, for images of M = 256 x 256 pixels, i.e. a total capacity
of 2 x 107 bits, the minimum image reading time becomes 7 =~ 2 ps.

5.1.2 Gray level images. — If images with many gray levels, G + 1 > 2, are stored, the shot
noise becomes the most important source of noise. The intensity signal is a random variable
with mathematical expectation E[/757(g)] = n,(g) and standard deviation o [I751(g)] =

1p(g). If all other noise sources are neglected, to record images with gray levels, and to
retrieve them with an error rate of about 30 %, we must have :

Elgs@)] —olld@) ] =Ellgi(g - D]+ ollmi@-1)]. 27

For G + 1 equally spaced gray levels, we get the following expression from equations (9) and

27N :
P TD,, 1y
~ =2, (28)

GN VM

For example, with the same parameters as previously, except G + 1 = 128 gray levels, we
now find M/7 =~ 8 x 108s™' The minimum image reading time now rises to 7 = 80 ps.

5.2 FILTERS MEMORIES FOR CORRELATORS. — Once again, we want to point out that the
above calculation is valid for incoherent detection only. If coherent detection is performed the
results are totally different. For example, if the images are used to feed a Vander Lugt
correlator, then the images stored in the memory are not detected. the detection is performed in
the correlation plane and the amount of photons which are needed to localize the correlation
peak depends only on the signal to noise ratio of this peak. As the limit, if the stored images
correspond to orthogonal modes of the electromagnetic fields and if the Vander Lugt filter
corresponds to one of these modes then only one photon is required to determine the filter
mode. The memory capacity is thus much larger in that case.

6. An example of accessible storage capacity.

We will now gather all our results to study the storage capacity of a Co:BaTiO; sample
(N, = 4 x 10 m~?). We choose to realize an image memory with G + 1 = 64 gray levels and
r = 2. The size of the recording volume is 5 x 5 x 5 mm?. The gratings are recorded and
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retrieved with a P = 10 mW laser beam at Ay = 532 nm (A = 220 nm in the crystal). For such
a sample, at the top of the refractive index modulation surface in figure 2, we measure
n'% =3.5x 10~* We choose to work around the top of the modulation index surface. We
will limit the variation of the diffraction efficiency of the different images to a factor of two. It
gives 2.5 x 107* < 8n,,, < 3.5 x 10~* which approximately corresponds to N /(2 \/5) =
N}'< N /2. The number of pixels in the image beam is also limited by the input intensity
image modulator or slide to M = 107 pixels. From these data and from equations (23), (24),
(25) and (28) we get the following limits.

6.1 CAPACITY LIMITED BY NOISE :

rN, Vol 2 % 1010
T128GPN N

(29)

6.2 PIXEL AND IMAGE NUMBERS LIMITED BY GEOMETRICAL CONSTRAINTS. — In principle, to
determine the maximum number of image and pixels, we must cut the 3D surface in figure 2 by
the plane 8n,,, = &nh/2. The intersection of the two surfaces defines the largest angular
apertures and thus M and N. For simplicity we choose identical values for the angular
apertures. However, a different choice could also be made. We get A6, = 10°, A6, =~ 10° so
that :

M =< 1.5 x 107 pixels (30)
N =290 images . 31

6.3 DATA RATE-CAPACITY TRADE OFF :

M__N<rPDmaxn0_2X 10[45‘-

T 4G*N N

(32)

These equations (29) to (32) define a volume in the coordinate system (M, N, 7) which is
drawn in figure 3.

Of course, this volume could by modified by taking a different choice for the parameters but
it gives a good representation of what can be achieved with presently available photorefractive
materials. Indeed, the use of the same equations (23), (24), (25) and (28) leads to different
accessible capacity volumes for other photorefractive samples and other configurations.

7. Conclusion.

We have pointed out the drastic capacity reduction of the multiple exposure holographic
storage compared to the single exposure storage previously described by van Heerden. In case
of photorefractive holograms, and taking BaTiO; crystals as examples, we specified the
accessible storage capacity versus various parameters. One may feel disappointed by the
relatively low storage capacity of these materials (about 10° gray level pixels in Fig. 3).
However, one must keep in mind that these storage capacities are readily accessible with today
technologies. This point plus the parallelism inherent to these memories open very attractive
perspectives for optical data processing devices, such as correlators, neural networks and even
digital computing units [27].
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Fig. 3. — Typical accessible (number of image, number of pixel, readout time) volume for a
photorefractive crystal. The dashed line corresponds to the intersect of the plane (log (M),
log (NV)) with the limit imposed by the noise due to the random distribution of electric charges.
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