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Holographic Memories

After more than 30 years, researchers are
on the verge of using holograms to store data
in memories that are both fast and vast

ptical storage of data has been

one of the bright spots in tech-

nology over the past 15 years.
Compact discs, for example, dominate
the market for musical recordings and
are now also the standard medium for
multimedia releases, which combine
text, images and sound. Video games,
entire journals, encyclopedias and maps
are among the multimedia products
available on CDs 10 users of personal
COmMpuUters.

Without a doubt, optical memories
store huge amounts of digitized infor-
mation inexpensively and conveniently.
A compact disc can hold about 640 mil-
lion bytes—enough for an hour and a
quarter of high-fidelity music or more
than 300,000 pages of double-spaced,
typewritten text. All indications are,
however, that these large memories have
stimulated demand for even more capa-
cious and cheaper media. Executives in
the entertainment industry would like
{0 put one or more motion pictures on
a single optical disk the same size as a
CD, and so great are the data storage
needs of some hospitals, law firms,
government agencies and libraries that
they have turned to so-called jukebox-
es that have robotic arms to access any
one of hundreds of disks.

Engineers have responded by trying
to wring the most out of CD systems.
Some are working on semiconductor la-
sers with shorter wavelengths (in effect,
these will be finer styli that permit clos-
er spacing of bits on a CD). Others are
investigating techniques of data com-
pression and “super-resolution” that
also allow higher density (the latter at
the expense of increased background
noise). Another promising development
has been multiple-level CDs, in which
two or more data-containing tracks are
stacked and read by an optical system
that can focus on one level at a time.
Such schemes are expected to push the
capacity of CDs into the tens of billions
of bytes within five years or so.
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by Demetri Psaltis and Fai Mok

But to pack a CD-size disk with much
more data—hundreds of billions of
bytes, say—will require a fundamentally
different approach: holography. The
idea dates back to 1963, when Pieter J.
van Heerden of Polaroid first proposed
using the method to store data in three
dimensions.

Holographic memories, it is now be-
lieved, could conceivably store hun-
dreds of billions of bytes of data, trans-
fer them at a rate of a billion or more
bits per second and select a randomly
chosen data element in 100 microsec-
onds or less. No other memory technol-
ogy that offers all three of these advan-
tages is as close to commercialization—
a fact that has compelled such large
companies as Rockwell, IBM and GTE
in the past two years to launch or ex-
pand efforts to develop holographic
memories,

Initially, the expense and novelty of
the technology will probably confine it
to a handful of specialized applications
demanding extraordinary capacity and
speed. Such uses are already attempt-
ing to carve out little niches—one re-
cently offered product holographically
stores the fingerprints of those entitled
to enter a restricted area, permitting ac-
cess when a matching finger is placed
on a glass plate. If in meeting such
needs the technology matures and be-
comes less expensive, it might super-
sede the optical disk as a high-capacity
digital storage medium for general-pur-
pose computing.

The main advantages of holographic
storage—high density and speed—come

HOLOGRAPHIC MEMORY stores data in
a crystal of lithium niobate not much
larger than a sugar cube (foreground).
The hologram is created in the crystal
by the meeting of a reference laser
beam, shown thick and bright in this
photograph, and a signal beam, fainter
and thinner, which contains the data.
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from three-dimensional recording and
from the simultaneous readout of an
entire page of data at one time. Unique-
ly, holographic memories store each bit
as an interference pattern throughout
the entire volume of the medium.

How Holographic Memories Work

The paitern, also known as a grating,
forms when two laser beams inter-
fere with each other in a light-sensitive
material whose optical properties are
altered by the intersecting beams.
Before the bits of data can be imprint-
ed in this manner in the crystal, they
must be represented as a pattern of

clear and opaque squares on a liquid-
crystal display (LCD) screen, a minia-
ture version of the ones in laptop com-
puters. A blue-green laser beam is
shined through this crossword-puzzle-
like pattern, or page, and focused by
lenses to create a beam known as the
signal. A hologram of the page of data
is created when this signal beam meets
another one, called the reference, in the
photosensitive crystal. The reference
beam, in this case, is collimated, which
means that all its light waves are syn-
chronized, with crests and troughs
passing through a plane in lockstep (in-
deed, such waves are known as plane
waves). The grating created when the

signal and reference beams meet is cap-
tured as a pattern of varying refractivi-
ty in the crystal.

After being recorded like this, the
page can be holographically reconstruct-
ed by once again shining the reference
beam into the crystal from the same
angle at which it had entered the mate-
rial to create the hologram. As it passes
through the grating in the crystal, the
reference beam is diffracted in such a
way that it re-creates the image of the
original page and the information con-
tained on it. The reconstructed page is
then projected onto an array of electro-
optical detectors that sense the light-
and-dark pattern, thereby reading all
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struction of the first hologram disap-
pears. Then a new page of data is sub-
stituted and holographically recorded.
The procedure, known as angle mult-
plexing, is repeated many times. Any of
the recorded holograms can be viewed
by iHluminating the crystal with the refer-
ence beam set at the appropriate angle.

How many pages can be imprinted
into a single crystal? The number is lim-
ited mainly by the dynamic range of its
material: as more holograms share the
same crystalline volume, the strength
of each diminishes. Specifically, the per-
centage of light that is diffracted by each

=)

MIRROR

=

hologram (and therefore sensed by the
electro-optical detectors) is inversely
proportional to the square of the num-
ber of holograms superimposed.

If 10 holograms in a crystal yield a
diffraction efficiency equal to 1 percent,
1,000 holograms will have a diffraction
efficiency of only 0.0001 percent. This
effect determines the maximum num-
ber of holograms that can be stared, be-
cause the drop in diffraction efficiency
ultimately makes the reconstructions
too weak to be detected reliably amid
the noise in the system—fluctuations
in the brightness of the lasers, scatter-
ing from the crystal, thermally generat-
ed electrons in the detector, and so on.
This maximum number of holograms
can be determined by measuring the
optical properties of the crystal materi-
al and the various noise sources in the
system. In practice, when the diffrac-
tion efficiency has dropped too low for
the pages to be reliably reconstructed,
the rate at which erroneous data are
detected—the bit-error rate—becomes
unacceptably high.

Stronger Signals

Much of the work in developing holo-
graphic memories comes down to
the application of new techniques to
Slr_engthen, against the background
Noise, the optical signals representing
Pages of data. Better technologies have
allowed fainter and fainter signals to

reliably detected, and improvements
in holographic recording methods have

strengthened the recorded signals, en-
abling more pages to be imprinted into
the crystal.

The first attempts to store many holo-
grams date back to the early 1970s. Juan
J. Amodei, William Phillips and David
L. Staebler of RCA Lahoratories record-
ed 500 holograms of plane waves in an
iron-doped lithium niobate crystal. Rob-
ert A, Bartolini and others, also at RCA,
stored 550 holograms of high-resolu-
tion images in a light-sensitive polymer
material, and Jean-Pierre Huignard's
group at Thomson-CSF in Orsay, France,
engineered a memory with 256 loca-
tions, each capable of storing 10 holo-
grams. Besides storing relatively many
holograms, Huignard's system was ex-
ceptionally well engineered.

Impressive though some of these ear-
Iy efforts were, none of them led to a
practical system. Semiconductor and
magnetic memories were progressing
quite rapidly at the time, making more
exotic technologies seem unworthy of
pursuit. Gradually, holographic memo-
ries fell out of the limelight.

A renaissance began in 1991, when
one of us (Mok), with funding from the
U.S. Air Force and the Department of
Defense’s Advanced Research Projects
Agency, demonstrated the storage and
high-fidelity retrieval of 500 high-reso-
lution holographic images of tanks,
Jjeeps and other military vehicles in a
crystal of lithium niobate with trace
amounts of iron.

Several new theories and experiments
followed. In 1992 we stored 1,000 pages
of digital data in a one-cubic-centime-
ter, iron-doped lithium niobate crystal.
Each stored page contained 160 by 110
bits obtained from the ordinary elec-
tronic memory of a digital personal
computer. We then copied segments of
the stored data back to the memory of
the digital computer—and detected no
errors. This experiment demonstrated
for the first time that holographic stor-
age can have sufficient accuracy for
digital computers.

A similar setup was used to store
10,000 pages, the most in a single crys-
tal so far. Fach of these pages mea-
sured 320 bits by 220 bits, so all told
the system could store a little less than
100 million bytes {100 megabytes). We
performed this experiment in 1993 at
the California Institute of Technology
in collaberation with Geoffrey Burr.

The majority of the 10,000 stored
holograms were random binary pat-
terns, similar to the data that can be
stored by a conventional computer. The
raw (uncorrected) error rate was one
bad bit out of every 100,000 evaluated.
Such a rate suffices to store image data,
particuiarly if they have not been com-

pressed or manipulated to reduce the
number of bits needed to represent the
image. Several photographs of faces
and of the Caltech logo were also in-
cluded among the pages to demonstrate
that images and data can be easily com-
bined in a holographic memory. The in-
formation contained in the 10,000 holo-
grams would fill only one eighth of the
capacity available in a conventional
compact disc. But holographic memo-
ries that have a much higher capacity
can be made by storing holograms at
multiple locations in the crystal. For in-
stance, we demonstrated a system in
which 10,000 data pages are stored in
each of 16 locations, for a total of
160,000 holograms.

In 1994 John F. Heanue, Matthew C.
Bashaw and Lambertus Hesselink, all
at Stanford University, stored digitized,
compressed images and video data in a
holographic memory and recalled the
information with no noticeable loss of
picture quality. They stored 308 pages,
each containing 1,592 bits of raw data,
in four separate locations in the same
crystal. The Stanford group combined
several techniques, some electronic, oth-
ers optical, to keep the bit-error rates
under control. For instance, they ap-
pended a few bits to each string of
eight bits to correct a single erroneous
bit anywhere in the group. This error-
correcting code reduced the error rate
from about one bit in every 10,000 or
less to about one bit per million.

Another important potential advan-
tage of holographic storage is rapid ran-
dom access by nonmechanical means.
For example, high-frequency sound
waves in solids can be used to deflect a
reference light beam in order to select
and read out any page of data in tens of
microseconds—as opposed to the tens
of milliseconds typical of the mechani-
cal-head movements of today’s optical
and magnetic disks. At Rockwell's re-
search center in Thousand Oaks, Calif.,
John H. Hong and Ian McMichael have
designed and implemented a compact
system capable of storing 1,000 holo-
grams in each of 20 locations. An arbi-
frary page can be accessed in less than
40 microseconds, and its data are re-
trieved without errors.

Promising Polymers

s with the original experiments in
the 1970s, these recent demonsira-
tions used a crystal of lithium nicbate
with trace amounts of iron. When illu-
minated with an optical pattern—such
as a hologram created by the intersec-
tion of two laser hearns—charged parti-
cles migrate within the crystal to pro-
duce an internal electric field whose
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modulation closely matches that of the
optical pattern. The way the crystal
then diffracts light depends on this
electric field: when the crystal is illumi-
nated again at the correct angle, light is
diffracted in such a way that the origi-
nal hologram is reconstructed. The
phenomenon is known as the photore-
fractive effect [see “The Photorefrac-
tive Effect,” by David M. Pepper, Jack
Feinberg and Nicolai V. Kukhtarev; $C1-
ENTIFIC AMERICAN, October 19901,

A different type of holographic mate-
rial hecame commercially available for
the first time last year. This material,
known as a photopolymer, was devel-
oped at Du Pont and undergoes chemi-
cal rather than photorefractive changes
when exposed to light. Electrical charg-
es are not excited, and the photochem-
ical changes are permanent—informa-
tion cannot be erased and rewritten.
The medium is therefore suitable only
for write-once or read-only memories.
The material does, however, have a dif-
fraction efficiency 2,500 times greater
than a lithium niobate crystal of the
same thickness. One of us (Psalts) col-
lahorated with Allen Pu of Caltech and
Kevin Curtis of AT&T Bell Laboratories
on an experiment in which we stored
1,000 pages of bit patterns in a polymer
film 100 microns thick. We retrieved
the data without any detected errors.

In recent years, researchers at IBM
and at the University of Arizona have

begun experimenting with polymer
films that, like lithium niobate crystals,
exhibit the photorefractive effect. Prom-
ising though the developments in poly-
meric holographic material$ are, it is too
soon to count out lithium niobate, which
has lately also shown greater versatili-
ty. For instance, crystals of lithium nio-
bate doped with trace amounts of both
cerium and iron—which are sensitive
to red light rather than green—recently
became available. They point the way
to crystals that can be imprinted with
inexpensive and tiny semiconductor la-
sers, instead of the much more costly
green or blue-green ones.

Something Borrowed, Something New

he iron-doped lithium niobate crys-

tals used in the recent demonstra-
tions are not the only surviving aspect
of the early experiments more than two
decades ago. The argon lasers typically
used today are also the same. And an-
gle multiplexing was relied on in the
past, as now. What changes, then, have
revived holographic data storage?

The most sighificant advance has
been the emergence of a mature opto-
electronics industry, which has pro-
duced the inexpensive, compact and
power-efficient devices needed to build
large-scale holographic memories and
1o interface them with digital comput-
ers, For instance, tiny semiconductor
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lasers that emit red light, originally de-
veloped for fiber-optic communications,
can be used as light sources either with
a cerium- and iron-doped lithium nio-
bate crystal or with Du Pont's photo-
polymer. Large detector arrays made
for television cameras, which take an
optical image and convert it to an elec-
tronic signal, read the output of the
memory. Liquid-crystal display screens
originaily designed for video projectors
serve as the input devices, creating the
bright-and-dark patterns that represent
pages of data.

Such technological advances made
possible the recent memory demon-
strations that, in turn, prompted new
investigations into the underlying phys-
ics. For example, a long-standing prob-
lem in holographic memories is cross-
talk noise—the partial, spontaneous and
unwanted readout of stored data. In
practice, cross talk causes faint, ghost-
like images of all the pages to be called
up when only one is being accessed.
Cross-talk noise and its sources are
now completely understood, allowing
us to calculate and counteract the ef-
fect in any recording setup from such
parameters as the angle between the
signal and reference beams, the angle
between the reference beams in a mul-
tiplexed recording and the geormetric
properties of the page of data.

Another by-product of the theoreti:
cal work has been the development 0
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new multiplexing methods and the re-
finement of existing ones. These can
replace or supplement angle multiplex-
Ing, giving the systern designer more op-
tions. In one alternative, pursued sepa-
rately at Pennsylvania State University
and at Caltech, successive pages are re-
corded with reference beams of differ-
ent wavelengths. Reference beams that
are coded with a different pattern for
each page have also been demonstrat-
ed at the University of California in San
Diego and, independently, at the Opti-
cal Institute in Orsay, France.

Increasing the Volume

B etter multiplexing techniques are
certainly welcome, but a fundamen-
tal means of increasing capacity will be
needed if holographic memories are to
make inroads against compact discs.
Holographic memories have been
shown to be significantly faster at pres-
ent than are compact-disc systems, but
Speed alone is rarely enough for a new
technology to supplant an entrenched
one. What is generally needed is anoth-
er basic advantage, such as greater stor-
dge capacity.
One way to increase storage in a holo-
£raphic memory would be to tile a two-
ensional surface with sugar-cube-
€ memory crystals, a technigue cailed
Spatial multiplexing. As expected, the
fpacity of such a system is propor-

VEHICLE STEERED BY HOLOGRAMS navigated itself around the authors’ laborato-
ry at the California Institute of Technology. Each compound photograph in this se-
quence shows what a video camera on the vehicle saw (main image), along with
another image {inset}) that was transmitted to the little machine from a holograph-
ic memory. To navigate, the vehicie (shown above) oriented itself until its camera
image matched the one from its memory. Lights in the other, smaller inset indicate
the extent to which two image sequences are in synchrony. In this series, the vehi-
cle initially recognized and approached a bicycle. It was then prompted by the im-
age it would see after a left turn, which it found after a bit of searching.

tional to the number of cubes. Data are
stored in each of the cubes in the usual
way, as angle-multiplexed holograms.

The challenging part of this kind of
system is the optical assembly, which
must be capable of addressing any one
of the cubes individually. One such as-
sembly is the three-dimensional disk,
which has many similarities to a con-
ventional CD. The disk-shaped record-
ing material is placed on a rotating
siage; a laser-based reading and writ-
ing device, or head, is mounted above
it. The rotation of the disk and radial
scanning of the head make it possible
to illuminate any spot on the disk. Psal-
tis proposed the idea in 1992: Pu built
a system based on it earlier this year at
Caltech,

As in any holographic medium, data
are stored throughout the volume of
the recording layer of the 3-D disk. The
head has a detector array for reading
out an entire page of data and a beam
deflector for angle multiplexing. A spa-
tial-light modulator, which imprints the
page of data onto the signal beam {such
as the LCD screen used in current dem-
onstrations), could also be incorporat-
ed into the head.

Even though a 3-D disk stores infor-
mation in three dimensions, the num-
ber of bits that could theoretically he
stored per square micron of disk sur-
face can be computed for the purpose
of comparing this areal density to that
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of a conventional CD. Such a compari-
son is reasonable because a 3-D disk
can be as thin as a CD. It turns out that
for thicknesses less than two millime-
ters, the areal density of the holograph-
ic disk is approximately proportional
to the thickness of the recording medi-
um. [n his demonstration at Caltech, Pu
achieved a surface density of 10 bits
per square micron in a disk made with
a polymer film 100 microns thick (the
maximum available for this particular
material ). This density is about 10 times
that of a conventional CD.

We can increase the surface density,
moreover, by simply increasing the
thickness of the holographic layer, Den-
sity of 100 bits per square micron would
be possible with a material one milli-
meter thick, Such a 3-D disk would be
nearly identical in size and weight to a
conventional CI, but it would store 100
times more information.

Among the companies pursuing this
basic technology is Holeplex, a small
start-up that we co-founded in Pasade-
na, Calif. The company has built a high-
speed memory system capable of stor-
ing up to 1,000 fingerprints, for use as
a kind of selective lock to restrict ac-
cess to buildings or rooms. Although
the capacity of this system is approxi-
mately half that of a CD, its entire con-
tents can be read out within one sec-
ond. Holoplex is now working on an-
other product that would be capable of

CALIFORNIA INSTITUTE OF TECHNOLOGY: ERIC SANDER (veiicie)




HOLOGRAPHIC LOCK stores up to 1,000 fingerprints. To gain entry to a room, a
user places a finger on a glass plate. The fingerprint must match one of those in
the memory, which are stored as holograms. The fast memory minimizes the delay
while the system searches for a match. This type of device is being developed by
the Japanese company Hamamatsi. It uses the holographic memory shown here
from Holoplex, a Pasadena, Calif., start-up company co-founded by the authors.

storing up to a trillion bits, or almost
200 times what can be put on a CD.

Memory by Association

B efore such a “super CD" becomes a
commercial reality, holographic
memories may be used in specialized,
high-speed systems. Some might exploit
the associative nature of holographic
storage, a feature first expounded on in
1969 by Dennis Gabor, who was award-
ed the 1971 Nobel Prize for Physics for
the invention of holography.

Given a hologram, either one of the
two beams that interfered to create it
can be used to reconstruct the other.
What this means, in a holographic mem-

ory, is that it is possible not only to ori-
ent a reference beam into the crystal at
a certain angle to select an individual
holographic page but also to accom-
plish the reverse. lhuninating a crystal
with one of the stored images gives
rise to an approximation of the associ-
ated reference beam, reproduced as a
plane wave emanating from the crystal
at the appropriate angle.

A lens can focus this wave to a small
spot whose lateral position is deter-
mined by the angle and therefore re-
veals the identity of the input image. If
the crystal is illuminated with a holo-
gram that is not among the stored pat-
terns, multiple reference beams--and
therefore multiple focused spots, are

the result. The brightness of each spot
is proportional to the degree of similar-
ity between the input image and each
of the stored patterns. In other words,
the array of spots is an encoding of the
input image, in terms of its similarity
with the stored database of images.

Earlier this year at Caltech, Pu, Robert
Denkewalter and Psalts used a holo-
graphic memory in this mode to drive
a small car through the corridors and
laboratories of the electrical engineer-
ing huilding there. We stored selected
images of the hallways and rooms in a
holographic memory connected to a
digital computer on a laboratory bench
and communicated them to the car via
a radio link. A television camera mount-
ed on the car provided the visual input.
As the car maneuvered, the computer
compared images from the camera
with those in the holographic memory
[see illustration on preceding two pag-
es]. Once it spied a familiar scene, it
guided the vehicle along one of sever-
al prescribed paths, each defined as a
sequence of images recalled from the
memory. Some 1,000 images were
stored in the memory, but only 53 were
needed, it was found, to navigate
through several rooms in the building.

We are now designing a different ve-
hicle, which we hope to equip with a
large enough memory to travel autono-
mously anywhere on the campus. Even
with so much capacity, the parallelism
of the holographic memory would per-
mit stored information to be called up
rapidly enough to let the vehicle follow
roads and avoid obstacles. Indeed, nav-
igation may be one of the specialized
applications that generates the impe-
tus needed to bring the technology into
widespread use.

Such acceptance may he years away.
But as the need to store vast amounts
of data increases, so, too, will the expe-
diency of storing the information in
three dimensions rather than two.
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