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Abstract 
The performance characteristics of an experimental 

holographic 3-D disk system are described. A surface 
density of 10 bits/pm2 is experimentally demonstrated using 
a 100 pm thick photopolymer as the recording medium. 

I. Introduction 
Holographic storage was first demonstrated more 

than 20 years ago',2. The lack of the necessary optical 
devices (lasers, spatial light modulators (SLM), detector 
arrays, deflectors) and recording materials were some of the 
reasons why holographic storage did not become practical at 
that time. In addition, there was not an urgent need for the 
capabilities afforded by holographic storage. The situation 
has now changed completely. The dramatic advances in 
electronic computers have led to ever increasing demand for 
inexpensive mass storage devices. Optical storage devices 
have emerged as the preferred technology for removable 
ROM media. It does not appear, however, that the density of 
conventional 2-D optical storage devices (e.g. CD-ROM) 
will be able to increase rapidly enough to satisfy the 
requirements of some applications. Therefore, a 3-D 
memory technology, such as holographic storage, is now 
very much in demand. During the last decade, 
optoelectronic technology has provided us with a rich variety 
of compact, inexpensive, and high performance 
semiconductor laser diodes, liquid crystal SLMs, and CCD 
detector arrays. The recent resurgence of interest in 
holographic storage has taken place largely because we have 
been able to use these modern components to perform large 
scale demonstrations of holographic memories in LiNb0333435 
and photopolymers6. In this paper, we will concentrate on a 
particular holographic memory architecture, the holographic 
3-D disk728. 

The optical setup for storing angle multiplexed 
holograms is shown in Figure 1. The information to be 
recorded is presented on the SLM and it modulates the signal 
beam. The reference beam is a plane wave whose angle of 
propagation is controlled by a deflector, such as the rotating 
mirror shown in Figure 1. Multiple holograms are stored by 
changing the angle of the reference beam while updating the 
data presented on the SLM. The stored holograms are 
retrieved by illuminating the hologram with the proper 
reference beam. The reconstruction is then detected by a 
CCD camera. Each stored hologram can be independently 
read-out due to the angular selectivity of thick holograms. 
For example, if the thickness of the hologram is 1 cm, then 
the angular selectivity is approximately ,005 degrees. 
Therefore, if the range of angles that can pass through the 
aperture of the optical system in the reference arm is from - 
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2.5 to 2.5 degrees, then M =  5°/0.0050 = 1000 holograms can 
be angularly multiplexed. The difiaction efficiency of each 
hologram is9 : 

r7 =[yJ M/# 

where M/# is a constant depending on the parameters of the 
recording medium and the optical setup. A typical value for 
a 1 cm thick LiNbO3 crystal is M/# - 5 ,  which yields a 
diffraction efficiency in excess of when 1,000 holograms 
are stored. With this diffraction efficiency, a laser with 
output power on the order of tens of mW is sufficient to read 
out the reconstructed holograms at video rate, using 
conventional CCDs. We have also stored 10,000 angularly 
multiplexed holograms at a single location in L i m o 3  using 
a sufficiently thick crystal". However, the accompanying 
loss in diffraction efficiency (by a factor of 100 according to 
Equation (1)) would make it very difficult to realize a 
practical system with 10,000 superimposed holograms unless 
the M/# can be sufficiently increased. 
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Figure 1 : Angle Multiplexing setup. 

The storage capacity of a holographic memory of 
the type shown in Figure 1 is equal to the number of 
holograms multiplexed, M, multiplied by the number of bits 
per stored page. If the SLM used to record the holograms 
has 1OOOX 1000 pixels and A4 = 1000, then the storage 
capacity is 1 gigabit. Since optical disks currently have 
capacity more than a gigabyte, it is clear that a simple 
holographic memory would not be competitive in terms of 
capacity. The system in Figure 1 has other advantages such 
as short random access time (a few microseccads if an 
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acoustooptic deflector is used) and fast read-out rate (more 
than 1 gigabit per second is possible with sufficient laser 
power). In this paper, we do not address these aspects. We 
will concentrate instead on methods for extending the 
storage capacity of the basic holographic memory of Figure 
1. The method we employ is spatial multiplexing. A 
recording material with large volume is used and holograms 
are stored at multiple locations in the material. An 
additional scanning mechanism is used that allows the 
recording and read-out beams to access different locations of 
the holographic medium. The storage capacity of a memory 
that utilizes spatial multiplexing increases linearly with the 
number of locations. There are several ways to accomplish 
spatial multiplexing2” each distinguished from the others 
by the scanning method used to address multiple locations. 
In this paper, we discuss the holographic 3-D disk which 
employs mechanical scanning mechanism. 

11. Holographic 3-D disk 
The schematic diagram of a holographic 3-D disk is 

shown in Figure 2. It consists of a holographic disk (a thick 
recording material in the shape of a disk mounted on a 
suitable substrate), a mechanical drive that spins the disk, 
and a readwrite head. The optical head consists of a SLM, 
relay optics, a mechanism for multiplexing holograms, and a 
CCD for hologram read-out. The head is essentially a 
replica of the basic arrangement in Figure 1, and the entire 
head can translate in the radial direction. Holograms stored 
at a particular location are retrieved by illuminating the 
location with a reference beam at the proper angle. The 
holographic medium can be either a photorefractive crystal, 
such as Limo3,  or a photopolymer film, such as the HRF- 
150 material that is available from D ~ p o n t ’ ~ ” ~ .  In the 
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Figure 2 : Holographic 3-D disk setup. 

111. Surface Density 
The surface density of conventional optical 

memories (approximately 1 bit/pm2) is determined 
primarily by the size of the illuminating spot. The density of 
optical CDs will likely increase by an order of magnitude by 
the end of the decade through the use of shorter wavelength 
lasers, super-resolution methodsi5, and 3-D stacks of 
recording medial6. To make holographic technology 
competitive, the density of holographic disks must be higher 
than the projected density of conventional media by a 
comfortable margin. To a first approximation, the density of 
a holographic disk is given by : 

(2) D,, = M X  D2, 

where 0 3 0  and DZD are the surface densities achievable with 
a 3-D and 2-D medium, respectively. The maximum number 

Table 1: Performance characteristics of the current and optimized system. 

remainder of the paper we will describe a specific design of 
an optical disk system based -on the Dupont polymer. The 
specifications of this system are shown in the first column of 

of holograms, M, that can be angularly multiplexed at each 
location is given by : 

Table 1. This particular design does not necessarily have the 0 OLsin(f3, + e,) 
M=:-= (3) best specifications possible. These are the specifications that A0 acos(e,) 

have been demonstrated in our laboratory so far. An 
estimate of the performance that is 
optimized 3-D disk using the same 
shown in the second column. 

possible with a filly 
recording material is Where @ is the range of angles that can pass through the 

aperture of the optical system in the reference arm, A 8  is 
the angular selectivity, L is the thickness of the hologram, A 
is the wavelength of the laser, 8, (8,J is the angle between 
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the reference (signal) beam and the disk surface normal. For 
instance, if we wish to have M = 100, we can select L - 300 
ym assuming A = 500 nm, 8,. = = 30°, and @ = 10'. We 
can increase 34 and hence the density by simply increasing L. 

The density predicted by Equation (2) is a 
theoretical upper limit that can be difficult to achieve in 
practice. For example, Equation (2) holds only if the 
resolution of the conventional CD lens and the lens in the 
signal arm of the system in Figure 2 are the same. This is 
possible but difficult since the 3-D memory must maintain 
the same resolution over a large field whereas the CD only 
needs to produce a single spot at the optical axis of the lens. 
The recording medium's dynamic range can also limit the 
storage density since the difiaction efficiency falls off as 
1/34'. Finally, some noise sources such as cross-talk increase 
as M gets larger. In a practical system, the storage density is 
maximized by optimizing the optical design while 
monitoring the signal-to-noise ratio of the reconstructed 
holograms. 

We have experimentally demonstrated storage 
density of 10 bits/pm2 in a 100 pm thick Dupont 
photopolymer film. A diagram of the experimental setup is 
shown in Figure 3. A glass mask plate of a random binary 
bit pattern was used as the input SLM. the center-to-center 
spacing of the pixels was 45 microns and the fill factor was 
100%. Nikon F/# 1.4, 3.9 cm aperture camera lenses were 
used for imaging. A total of 590,000 pixels fit in the 
apertures of the two Nikon lenses and a sharp image of the 
entire field was obtained at the CCD plane. The holograms 
were recorded with a plane reference beam approximately .5 
mm past the Fourier transform plane. At that position, the 
diameter of the signal beam was 1.5 mm and its spatial 
uniformity was much better than at the exact Fourier plane. 
The diffraction efficiency as a h c t i o n  of the incident angle 
of the reference beam is a sinc function'' centered at the 
angle at which the hologram was recorded. For the 100 
micron thick recording medium, the angular separation to 
the first null of the sinc fkction was approximately .7" in 
our setup. In order to minimize cross-talk between 
holograms, we angularly multiplexed 8 holograms, each 
separated by 2.5 degrees. Angle multiplexing was achieved 
by rotating the film instead of changing the reference beam 
angle. To increase the density further, we combined angle 
multiplexing with peristrophic mulitplexing6. Specifically, 
sets of 8 angularly multiplexed holograms were recorded at 4 
different peristrophic positions. Each peristrophic position 
corresponds to a different rotational angle of the recording 
medium around the axis perpendicular to the surface of the 
medium. Using this method, we stored a total of 32 
holograms at a single location. One of the 32 
reconstructions is shown in Figure 4. The surface density of 
each hologram is 590,000 bits / (E X .75 X .75 mm2) which 
is equal to .334 bits per micron squared. Since 32 holograms 
are superimposed in the same region, the overall surface 
density is 32 X ,334 = 10.68 bits/ym2. In Table 1, we listed 
10 bits/pm2 as the surface density currently demonstrated 
and 40 bits/pm2 for the optimized system (both with 100 

micron thick medium). We can improve the density of the 
current system by using lower F/# lenses (higher resolution 
and density per page), reducing the angular separation 
between holograms, and increase the range of angles over 
which holograms can be recorded. The density can of course 
be increased by a large factor if a thicker recording medium 
is used. 
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Figure 3 : High density holographic storage setup. 

Figure 4 : The reconstruction of one of the 32 holograms 
stored for the high density experiment. 

IV. Recording Rate 
The rate at 

holographic disk is : 

' i n  

which data can be recorded on the 

(4) 

where Np is the number of pixels per page and zin is the time 
required to record one hologram. Np is primarily limited by 
the number of pixels on the SLM or the CCD, but it can also 
be limited in practice by lens aberrations and holographic 
cross-talk. In our high density experiment, we had 590,000 
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pixels per hologram. The recording time, ria, is determined 
by the sensitivity of the recording medium and the desired 
diffraction efficiency per hologram. For Dupont's HTW- 150 
100 micron thick photopolymer, the diffraction efficiency as 
a function of exposure energy is shown in Figure 5a. The 
material requires a sensitizing pre-exposure of 35 rnJ/cm2 
and the saturation exposure energy is approximately 325 
mTlcm2. Notice that Figure 5a is quasi-linear at first but 
then flattens out as the material nears saturation. This 
means that the holograms recorded later in the sequence will 
require a longer exposure time to achieve the same 
difiaction efficiency as the earlier holograms. An exposure 
schedule can be derived from Figure 5a so that the 
diffraction efficiency of the holograms will be equalized. 
The exposure schedule to deplete all of the material's 
dynamic range with 50 holograms is shown in Figure 5b and 
the resulting diffraction efficiency is shown in Figure 5c. Of 
course, the exposure time per hologram could be 
considerably shortened if higher intensities were used during 
recording, or if lower diffraction efficiency holograms can be 
tolerated. For example, a recording rate of $7 Mbits/s was 
achieved with our high density experiment (Table 1). This 
was done by recording 590,000 pixels holograms in an 
average recording time of 840 ms per hologram. The total 
incident intensity was 2 mW/cm2 and the diffraction 
efficiency per hologram was .35%. From our experimental 
observations with plane wave holograms, the recording time 
for achieving the same diffraction efficiency is 
approximately inversely proportional to the incident intensity 
for intensities greater than 2 mW/cm2. Therefore, if the total 
incident intensity is increased from 2 mW/cm2 to 128 
mW/cm2, then the recording time per hologram drops to 12 
ms and the recording rate becomes 50 Mbits/s. 
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Figure 5b : The exposure time required for each of the 50 
holograms in order to equalize their diffraction efficiency. 
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Figure 5c : The resulting diffraction efficiency as a function 
of hologram number. 

V. Read-out Rate 
The random access time to any one location is 

determined by the speed of the mechanical motors that turn 
the disk and translate the head in the radial direction. For 
example, if the disk rotates at 3600 FWM, then we can have 
random access to any angular position on the disk within at 
most 17 ms. The situation is more complex in a holographic 
disk since we must properly select the dwell time at each 
location in order to avoid smearing and to collect a sufficient 
number of photons for read-out. If the required dwell time is 
longer than what is afforded by a continuously spinning disk 
at the maxiimum speed, then the rotational speed of the 
motor must be slowed down. The theoretical dwell time 
required to avoid smearing for an optimum configuration has 
been computed to be only 2.7 ps'*. Furthermore, if the time 
it takes to accumulate P photons per pixel is T, then z can be 
expressed as : 

0.5 

0.4 

I ci 0.1 1 / 
50 I C 0  150 200 259 300 350 

0.0 L R '  " ' " " " " " " " " I '  " " " " " " " " " I '  " " " " 

0 
Exposure Energy (mJ/cm ) 

Figure 5a : Diffraction efficiency as a function of exposure 
energy for the HRF-150-100 photopolymer. 
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where h is the Planck’s constant, c is the speed of light, Np is 
the number of pixels, is the diffraction efficiency, I{,, is the 
incident power of the reference beam, and ;1 is the 
wavelength. For the Dupont HRF- 1 SO- 100 photopolymer, 
we experimentally measured the M/# to be around 6.5, as 
shown in Figure 6. Therefore, accordiIlg to Equation 1, the 
diffraction efficiency per hologram should be about 4% when 
32 holograms are multiplexed. For a signal-to-detector 
noise-ratio of greater than 40: 1 with the CCD detector arrays 
used in our experiment, it is necessary to collect 
approximately 1,000 photons per pixel. If we chose Np = 
590,000, q = 4X I,,, = 128 mW, and A = 500 nm, then 
the required integration time per pixel, r, is equal to - 50 ns. 
Therefore, the rotational speed of the motors in this case can 
even be sped up without significant degradation in read-out 
SNR. 

10’ t i 
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Figure 6 : Diffraction eff. as a fbnction of number of 

holograms stored (M/# measurements). The curve with the 
circles is for a 38 pm thick film, whereas the squares is for 

the 100 pm film used in our experiment. 

The expression for the read-out rate, R,,,r, can be 
simply stated as : 

(6) 
NP R =- 

0ll t  

O l l t  

where Np is the number of pixels per hologram and roirr is the 
time required to read each hologram. A read-out rate of . I3  
Mbitsls was demonstrated in our high density experiment 
setup (Table 1). Since the reconstructed hologram was much 
larger then the CCD detector array used, windows of 65 X 
65 pixels from the reconstructed hologram were read-out at 
video rate with the CCD camera. In the optimized system 
with full parallelism, a large CCD detector array would be 
used to read out the entire 590,000 pixels in a minimum 
frame-transfer-rate of 1000 frames/s to achieve a read-out 
rate greater than 500 Mbitsls. 

VI. Signal-to-Noise-Ratio 
Holographic 3-D disks are subjected to many 

sources of noise such as cross-talk between holograms, lens 
aberrations, recording material scattering, multiple 
reflections, noise from the SLM, laser noise, recording 
material surface imperfections, dust, and the index 
modulation from previous holograms. There is also the 
shrinkage effect that is inherent in the photopolymer 
material, which makes it difficult to Bragg match the entire 
hologram for read-out. We have studied in detail many of 
these sources of noise and we minimized them with a proper 
setup. For our system, we sampled 9 different 65 X 65 pixel 
windows from the stored holograms and no errors were 
detected. The combined histogram from the 9 different 
sampled windows is shown in Figure 7. It is likely that there 
were no errors in any of the 32 stored holograms even 
though we did not check all the stored bits. An estimate for 
the probability of error was obtained by fitting a first-order 
x2 distribution to the histogram of Figure 7. The estimated 
probability of error from this model is approximately 
For the optimized system, we do not yet know what 
estimated probability of error is possible or required for a 
practical system. 
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Figure 7 : Combined histogram of the 32 reconstructions. 
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