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ABSTRACT 

This report describes the results of a program to apply recent advances 

in the area of volume phase holographic materials for map storage and display 

applications, and to develop and evaluate subsystem components and tech¬ 

niques for this purpose. The major achievement of this program was the re¬ 

cording and fixing of up to 100 holograms in a given volume using a new tech¬ 

nique for fixing in heavily iron-doped LiNbOß. In addition, a mechanical 

random-access system for retrieving up to 100 holograms was developed and 

tested. An investigation was made of direct and indirect display formats, 

Including incoherent readout of thick phase holograms and the recording and 

playback of encoded object transparencies on a color kinescope. This led to 

the conclusion that electronic pickup of the readout image is required fcr 

maximum utilization of the potential of a volume holographic storage system. 
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I. INTRODUCTION 

Volume holography has long been recognized as an attractive approach to 

the problem of optical storage of Information. The reasons for this interest 

lie in the potential for truly high-density storage and in the simple methods 

required for hologram retrieval. The advantage over planar storage media lies 

in the extra dimension (i.e., the thickness) of the medium. The individual 

holograms are accessed by changing the angle of incidence of the light beam on 

the storage medium. Practical implementation had not been achieved in the 

past because storage media with the required high writing sensitivity, large 

multiple storage capacity, and resistance of the holograms to erasure by the 

readout light did not exist. 

In a previous phase of this program, LiNbOß was found to possess all of 

the properties desired for volume storage. An intensive materials effort has 

led to significant improvement in the sensitivity and multiple storage capac¬ 

ity, and to the development of fixing techniques for holograms stored in LiNbOß. 

These results have made LiNbO- the leading candidate for a volume holographic 

storage medium. 

The current phase of this program has as its purposes the investigation 

of the applicability of LiNbOß to a volume holographic storage system for a 

moving map display and the assessment of the feasibility of such a system and 

its components. In this report we shall discuss the results of the recording 

and fixing of up to 100 holograms in Fe-doped LiNbOß, the development and 

testing of a random-access retrieval system, and the testing and evaluation of 

several different output display formats. 
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II. STORAGE MATERIAL 

The recording medium was Fe-doped LiNbOß, an impurity-doped electro-optic 

single-crystal material. This material appears to be the most promising 

candidate for volume holographic map storage, primarily because of recent im¬ 

provements in multiple storage and fixing. The techniques and mechanisms of 

storage and fixing are discussed here. In Section III we describe the problems 

associated with storage of many holograms within a crystal of Fe-doped LiNbOß. 

A. HOLOGRAM STORAGE 

Holograms are recorded in electro-optic materials by generation of space 

charge patterns that modulate the refractive index via the electro-optic 

effect[l]. For this to occur, the material must contain a set of electron 

traps that can be photo-ionized by light. In LiNbOß this is best provided by 

the use of iron (Fe) impurities which are intentionally introduced during growth 
of the crystal[2,3]. 

Figure 1 shows an iron-doped crystal before and after the storage of a 

hologram. For storage to occur, some of the traps must be empty. The empty 

traps are FeJ+ ions which do not absorb light. The occupied traps are Fe^+ 

ions with a strong absorption band near 4880 Â, the wavelength used for record¬ 

ing. The concentration of the occupied and empty traps is determined by the 

doping level and by oxidation-reduction heat treatments[4]. In typical crystals, 

there are roughly 1018 cm-3 empty traps and 101^ cm-3 filled traps. The filled 

trap concentration is usual]v limited to this value or less so that the crystal 

does not absorb too much light, an effect that would prevent optimum readout 
of the holograms. 

To record a hologram, the crystal is exposed to two interfering light 

beams of a wavelength (4880 Â) that is absorbed by the Fe2+ ions. The inter¬ 

ference produces a sinusoidal light intensity pattern, shown in the bottom of 

Fig. 1, There is a corresponding pattern of free electrons generated by phoio— 

ionization of the occupied traps. The free electrons migrate through diffusion 

or drift and a net space charge is built up. Figure 1 shows the situation for 

diffusion. Electrors excited into the conduction band diffuse toward regions 

of low light intensity. After several steps of excitation, diffusion, and re¬ 

trapping, the trapped electrons are redistributed as shown. There is depletion 

in regions of high light intensity and accumulation in regions of low light 

intensity. This sets up a space charge field pattern that modulates the re¬ 

fractive index via the electro-optic effect of LiNbCL. The result is a thick 
phase hologram. 3 

The sensitivity of the storage process[4] depends on (a) the amount of 

charge separation generated by a given exposure to light and (b) the dielectric 

and electro-optic constants of the material. The latter properties are fixed 

for a given material and determine the index modulation that corresponds to a 

given space charge density[5]. The charge separation sensitivity can be varied, 

however, because it depends on the absorption state and charge transport 

properties of the crystal. These parameters are currently urder investigation 

2 
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Figure 1. Mechanism for hologram storage in Fe-doped LiNbOß. 

The electric field pattern creates a phase grating 

through the electro-optic effect. 

in our materials research program which is aimed at improved storage perfor¬ 

mance in Fe-doped LiNbOßfA]. At the present state-of-the-art, roughly 1 J/cm2 

of incident light (at 4880 Â) is required to record a hologram with 'vAOX 

diffraction efficiency in this material. It is interesting to note that this 

efficiency in a 1-cm-thick crystal of LiNbOß requires a space charge density 

of only 1()15 cm“3, well within the dynamic range of our crystals (nearly 

1017 cm”3 trapped electrons are available for the storage process). 

Holograms in these materials can be erased by exposure to a uniform light 

beam which excites all of the trapped charges anH allows them to redistribute 

uniformly. This wipes out the space charge pattern and completely erases the 

hologram. The sensitivities for storage and erasure are not necessarily equal, 

and depend upon the hologram amplitude and the mechanism for storage (i.e., 

diffusion or drift). In typical crystals used in this program, erasure is much 

slower than storage, a behavior that is consistent with storage enhancement by 

what appears to be an optically generated electric fieldlA]. This situation 

is required for multiple storage, as will be discussed in Section III, but the 

optical erasure, although slower than storage, still allows the readout beam 

to eventually erase all of the holograms. 

OQOeOOOOOGOOOQ 
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B. HOLOGRAM FIXING 

One of the most important results of this program has been the develop¬ 

ment of an improved fixing technique suitable for recording optically stable 

holograms in Fe-doped LiNb03. Hologram fixing is a prime requirement for this 

program; the holograms must not erase or degrade during readout. Past studies 

of hologram fixing in electro-optic crystals centered on undoped LiNbOß, but 

it has only been through recent advances in our program that the high sensitiv¬ 

ity and dynamic range of Fe-doped LiNbOß can be utilized in the storage of 

fixed holograms. 

Holograms in LiNbOj can be fixed by a simple heat treatment[6]. The 

process relies on the formation of an ionic charge pattern through drift of 

thermally activated ionic defects. The defects drift in the electric field 

pattern of the hologram so as to neutralize the electronic charge pattern 

generated by the light At certain temperatures the ionic drift rate is larger 

than that of the electrons. The net result is an ionic pattern that perfectly 

mirrors the electronic pattern. Upon cooling to room temperature, the ionic 

pattern is frozen in and the electronic pattern of the original hologram is 

converted to an optically stable ionic pattern. The hologram is fixed. 

Since the fixing neutralizes the space charge pattern the crystal must be 

Illuminated before readout. The light tends to redistribute the electrons so 

that they no longer neutralize the ionic pattern. The electric field pattern then 

reappears and the hologram can be read out. The full diffraction efficiency 

cannot be recovered, however, because the electrons are prevented from complete 

redistribution by the ionic space charge field. Nevertheless, undoped crystals 

perform very well; nearly half of the original diffraction efficiency can re¬ 

appear after fixing in these crystals[6,7] . 

Although undoped LiNb03 crystals are highly useful with the above tech¬ 

nique, they are not sensitive and require a strong applied field (^104 V/cm) 

to record multiple holograms. On the other hand, Fe-doped LiNb03, which 
normally has high sensitivity and good multiple storage performance, does not 

fix well with this technique. The diffraction efficiency after fixing is 

typically much smaller than that of the original hologram. Analysis carried 

out under our materials research program indicated that the problem wes due 

entirely to the higher density of occupied traps in the doped crystals as 

compared with that of u idoped crystals. During readout with a uniform light 

beam, the traps introd ice sufficient photoconductivity to screen out a large 

fraction of the fixed ionic charge pattern. One can show[4] that, assuming 

sinusoidal patterns and a small modulation in the density of occupied L^s, 

the net magnitude of the holographic space charge field is given by 

E * E [1 + (e2/kT)(n /<2e)]_1 (1) 
net o t 

where E0 is the original (unfixed) field magnitude, e is the electronic charge, 

k is Boltzman's constant, T is the temperature, n^ is the density of trapped 

electrons (Fe2+ ions), e is the dielectric constant, and < indicates the 

4 
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periodicity (sin kx) and 1« given by 2n/£ where l is the grating spacing. In 

our work H * 1 pm which at room temperature gives 

Enet “ Eo (1 + nt/1,b X ^°15^-3)-1 (2) 

17 -3 
In the doped crystals used here, nt approaches 10 cm , and from Eq. (2) we 

see that the piiotoconductivity effect severely limits the net field available 
for readout. 

To compensate, one must increase the magnitude of the initial hologram, 

i.e., increase the storage exposure, but this is prevented at room temperature 

by coupled wave[8] and optical damage[3] effects. These effects distort and 

degrade the reconstructed image to the point where it is no longer useful, even 

though it may have a reasonable diffraction efficiency after fixing. 

The technique for overcoming this problem was developed under this pro¬ 

gram. All that is required is to record the holograms while the sample is at 

an elevated temperature (1408C to 190°C); i.e., storage and fixing are carried 

out simultaneously. The temperature and optical exposure are chosen such that 

the fixing rate equals or exceeds the storage rate. In this situation, ionic 

conductivity continually neutralizes the electronic space charge pattern as 

it is being recorded. As a result, large space charge fields cannot build up. 

Since these large fields are the origin of the index modulations that set up 

the beam coupling and optical damage problems, one can by the simple expediency 

of recording in hot crystals for a sufficiently long time, record fixed holo¬ 

graphic patterns of sufficient magnitude to produce a usable diffraction effi¬ 

ciency for readout at room temperature. 

The storage sensitivity for holograms fixed in this way is fairly good, 

but somewhat less than that for storage of unfixed holograms in the same 

crystals. Our results show that for LiNbOß doped with 0.01 to 0.05% of Fe, the 

exposure required for a fixed hologram is roughly 5 to 10 times that required 

to obtain the same efficiency for an unfixed hologram; i.e., 5 to 10 J/cm2 is 

required to record a fixed hologram of 'vAOX diffraction efficiency. We have 

not as yet observed any loss of dynamic range as compared with that of the 

unfixed holograms. Fixed holograms with close to 100% efficiency have been 

recorded with this write-while-hot technique, and this was done in crystals in 

which only ^1% fixed holograms could be obtained by the previous technique. 

In fact, we have found that index modulations much larger than that required 

for 100% diffraction efficiency can be recorded with the write-while-hot tech¬ 

nique. This is shown by the angular response of such a hologram in Fig. 2. 

The lack of a main peak and a preponderance of side lobes is consistent with a 

phase grating with an extremely high index modulation^]. This is an important 

point for this project; a high dynamic range is necessary for full utilization 

of Fe-doped LiNbO^ for multiple storage of fixed holograms. 

5 
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Figure 2. Diffraction efficiency as a function of readout 

angle for a fixed hologram in a 0.2-cm-thick crystal 

of 0.03% Fe-doped LiNbO^. The large side lobes 

demonstrate the high dynamic range of this mate¬ 

rial for fixed holograms. 
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III. STORAGE TECHNIQUES AND LIMITATIONS 

To achieve the goals of this progran, the storage material must be 

capable of containing many holograms within its volume. Our initial approach 

in this area vas to use undoped (or low doped) crystals of LiNbOß with which 

one can obtain a high capacity for multiple storage with the aid of an ap¬ 

plied electric field, am. then fix all holograms in "batch" with one heat 

treatment. We took another approach during the course of this program after 

the development of the "write-while-hot technique" described in the previous 

section. Our results described in this section show that this technique 

allows, in addition to high efficiency, a high capacity for multiple storage 

of fixed holograms in Fe-doped LiNb02. 

A. STORAGE TECHNIQUE 

There are two alternative techniques for multiple storage: the holo¬ 

grams can be recorded either simultaneously or sequentially. We use the lat¬ 

ter method primarily for convenience. Simultaneous recording requires a com¬ 

plicated setup. In addition, the simultaneous technique may have severe prob¬ 

lems concerning signal-to-nolse ratio and hologram crosstalk because of the 

multiplicity of beams that are allowed to interfere during the storage pro¬ 

cess. 

The sequential storage technique is best described with the aid of Fig. 3 

which shows a LiNbOß crystal placed at the intersection of two 4880-Ã b'iams 

from an argon laser. To record, one exposes the crystal to both beams, the 

reference beam and the object beam. The latter contains the information to 

te recorded, usually from a transparency placed in the beam. In order that 

the resulting hologram be fixed, the crystal must be maintained at an ele¬ 

vated temperature (> 120*C). We do this by attaching the crystal to a trans¬ 

parent resistive heater composed of a thin tin oxide layer on a piece of glass 

LiNbC^F« 

selectively store and access the different 

holograms. 



When the holographic exposure is completed, the beams are turned off and the 

sample is rotated slightly in the plane of intersection. A new transparency 

is then placed in the object beam, and the new hologram is recorded. This 

procedure is repeated for each recording. The crystal is then cooled to room 

temperature and exposed to light to develop the electric field patterns as 

discussed in Section II-B. The holograms can then be accessed with the ref¬ 
erence beam, one at a time, by rotating the sample. 

The basic limitation of this technique is optical erasure during storage. 

Fixed holograms in LlNbOj are completely stable at room temperature, but can 

be optically erased at the fixing temperature. The light tends to redistrib¬ 

ute the trapped electronic charge, and since the ions are also mobile at the 

elevated temperature, the net result is an optical erasure of both the ionic 

and elactronic patterns. Erasure occurs during sequential recording of a number 

of fixed holograms in hot crystals of Fe-doped LiNbOj, and such an experiment 

is a convenient way to measure the erasure. Figure 4 shows the room-temperature 

readout of two sets of holograms that were sequentially recorded at the indi¬ 

cated temperature. The first ones recorded (lower numbers) have been partially 

erased by the beams used to record subsequent ones (higher numbers). Thus, the 

gradual decrease of efficiency toward lower numbers is a measure of the erasure 

Figure 4. Diffraction efficiency of 10 fixed holograms, recorded 

at the indicated temperatures, and read out at room 

temperature for a 0.S-cm-thick sample of 0.012 Fe-doped 
LiNb03. 
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sensitivity. This effect is quite dependent on temperature; erasure at 180°C 

is much larger than that at 160SC. Thermal erasure may also contribute to this 

result. Note, however, that the storage sensitivity is the same for the two 

temperatures as evidenced by the efficiency of hologram 10. This is the last 

one recorded and should show no effect of erasure; it represents the storage 

sensitivity of the material. 

B. STORAGE CAPACITY 

In practice, the diffraction efficiency of the holograms must exceed a 

minimum value determined by the intensity of light required for detection, and 

the amount of light available for readout. For this reason, high-temperature 

erasure (optical or thermal) limits the number of useful fixed holograms that 

can be recorded in Fe-doped LiNbO^. 

The resulting limitation on storage capacity is calculated in Appendix 

A and is given by 

n * n, [1 + (n - 1)/6.] 2 (3) 
n 1 l 

where n is the number of holograms, nn is their diffraction efficiency, and 

Bl isSe/8i, the ratio of the erase energy (the energy required to erase a ho¬ 

logram by ^75%) to the write energy for a hologram with m diffraction effi¬ 

ciency. This relationship was derived under the conditions that ni is the 

efficiency of the first hologram recorded in the sequence, and that all suc¬ 

ceeding exposures are adjusted so that the erasure is compensated, i.e., all 

holograms have the same efficiency 

Using the above relationship, we can determine the storage capacity of 

Fe-doped LiNb03 from the erasure curves shown in Fig. 4. In this case, ni 

is '''SOZ and 6^ is determined from the number of exposures required to erase 

a hologram by 75%. The latter number depends on the temperature used for 

storage, and is M.5 for 1608C and *v5 for 180°C. The appropriate curves of 

efficiency vs. hologram number are shown in Fig. 5 for different values of 6. 

From these curves, we can see that for a 6 of 15, the situation for 160°C, 

one can record 100 holograms with more than 1% efficiency or 1000 with more 

than 0.01%. As discussed in Section VIII, this efficiency appears to be 

suitable for a vidicon pickup. 

Since a lower temperature cannot be used without prohibitively slowing 

down the fixing process, the results show that for doping levels used here, 

160®C is the optimum temperature for multiple storage. 

It should be kept in mind that the above-mentioned calculation and ex¬ 

periments were for simple holograms, i.e., plane phase gratings. In actual 

practice, the effect of a transparency and object beam focussing must be tak¬ 

en into account. 

It is interesting to note that the extremely high dynamic range of this 

material, although important for multiple storage, cannot in itself allow one 



Figure 5. Multiple storage capability of Fe-doped LiNbOß, with 

the write-while-hot technique, ß depends on the 

temperature of recording and is a maximum at 160°C. 

to significantly increase the efficiency of a given number of holograms. One 

could conceive of doing this by using for the first hologram an exposure that 

gives an index modulation much larger than that required for 50% efficiency. 

However, this is compensated by a corresponding decrease of ß. Consider 

Eq. (3) in the limit where n >> ß. In this regime we have 

nn “ (n]/n2)tee/£i)2 (4) 

But since 

n 1 (5) 
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where b Is a constant that depends only on the storage sensitivity, we have 
for the efficiency 

nn " b ae2/n2 (6) 

a value that depends only on the storage sensitivity, the erasure energy, and 

the number of holograms. (We arbitrarily assume that the quadratic behavior 

for m extends to efficiencies larger than 50X. This is, of course, not pos¬ 

sible but it is a convenient way of deriving Eq. (6), which is valid for values 

of nn less than 50X.) It must be kept in mind that Eq. (6) is also valid only 

in the regime where ge is much larger than &¿ (to allow the approximation used 

in Appendix A), but much smaller than n£^ [for the assumption of Eq. (5)]. 
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IV. MULTIPLE STORAGE 

A primary aim of this program is to store and fix 100 images in holograph! 

form throughout a thick crystal of LiNb03. The attainment of this goal was 

greatly facilitated by the development under this program, ^md the associated 

materials research program, of the write-while-hot technique for use with 

ueavily Fe-doped LiNbOj. Using this method, we stored and fixed ten holograms 

with a diffraction efficiency of 15 to 20%, and 100 holograms, each with a 

diffraction efficiency greater than 1%. In this section, we discuss recording 
and fixing nnd the quality of the images obtained. 

A. MATERIALS 

The crystals used in this work were 0.01 to 0.03 mole % Fe-doped LiNb03 
grown by W. Phillips of these Laboratories. The crystal growth and prepara¬ 

tion techniques were discussed in an earlier report[4]. In particular, for 

the storage and fixing of ten holograms a 0.2-cm-thick crystal containing 0.015 
mole % Fe was used while for the storage of 100 holograms 0.5-cm-thick crystals 

containing 0.01 and 0.03 mole % Fe were used. 

The optical quality of these crystals was good to excellent except for 

the 0.01 mole % crystal which developed a discoloration during an oxidation 
process to decrease its absorption. This crystal was not used any further. 

The absorption at 4880 Â arising trom Fe2+ was kept at a level of ^.3 
OD (50% transmission after correction for reflectivity losses) to strike a 

proper balance between sensitivity and the loss in the usable diffraction 

efficiency. Figure 6 shows an absorption spectrum for the 0.03 mole % Fe-doped 
crystal which was used for the storage of the 100 holograms. 

B. EXPOSURE CRITERIA 

The .'ecording of a hologram at room temperature, or elevated temperature, 

partially erases those holograms recorded previously in the same volume. To 

record a large number of holograms with the same diffraction efficiency, the 

proper exposure times are those derived in Appendix A. These are given by 

S 1 * 8! ß^Un -1)+ (7) 

where &n and {¿3 are the exposure levels of the nth and 1st hologram respec¬ 
tively, and B is the ratio of the erasure to storage exposures. The 6 was 
measured for the crystal used in the recor’ing of the 100 holograms by record¬ 
ing and fixing 40 plane phase gratings. Figure 7 shows a trace of the diffrac 

tion efficiency obtained at room temperature for each hologram. Each one was 

recorded with a constant exposure at 160°C. The exponential character of the 



HOLOGRAM NUMBER 

Figure 7. Relative diffraction efficiency of 40 holograms 

stored in the crystal shown in Fig. 6. The ex¬ 

posure for each hologram was the same. 
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erasure process is shown in Fig. 8 and verifies the assumption of Appendix A. 

From these results a write-erase asymmetry of ß - 15 was calculated for the 

0.03 mole X Fe-doped crystal. The asymmetry at elevated temperatures is then 

comparable to that obtained for these crystals at room temperature. 

HOLOGRAM NUMBER 

Figure 8. Exponential dependence of optical 

erasure during recording of sub¬ 

sequent holograms. 

C. RECORDING SYSTEM 

The recording arrangement used is shown in Fig. 3. This arrangement is 

similar to those used earlier except that the interferometer was considerably 
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enlarged to accommodate the film transport used to provide the object trans¬ 

parencies. The typical laser power used was 800 mW at 4880 Â. The power in¬ 

cident on the sample in the reference beam was 10.0 mW/cm2 in a 1.5-cm-diameter 
beam. The power incident on the object transparency was 6.0 mW/cm^. 

The object transparencies used in this program were textual material, 

resolution charts, and aerial chart segments. The film was chosen for its 

minimum grain size at the optimum contrast ratio. The transparencies were 

recorded using a Bolex Model H16 Reflex 16-mm camera with a Nikko. Auto f/3.5 
lens. 

Fresnel holograms were recorded with a magnification of 16/1 to provide 

sufficient size to view the image directly. For vidicon pickup of the recon¬ 
structed image a magnification of ^-1.5/1 was used. 

D. HOLOGRAM EFFICIENCY 

The goal is to record 100 holograms with a diffrartion efficiency of 1Z. 

Care must be taken in the definition of the diffraction efficiency when used 

with high contrast objects such as textual material or line drawings. The 

practical specification of diffraction efficiency is in terms of the usable 

diffraction efficiency. This is the fraction of the incident readout beam 

which is diffracted into the image. This fraction will differ from the true 

diffraction efficiency of the holographic grating due to absorption of both 

the incident and diffracted beams and to reflection losses at the surfaces 

(^30% in the case of LiNb03 in the absence of AR coatings). As discussed above, 

the absorption in the crystal is typically -^50%. Combined with reflection 
losses this gives a ratio 

n 
usable 

1true 
^ 1/3 (8) 

Another factor that influences the apparent or usable diffraction effi¬ 

ciency is the object transmission. High contrast objects such as those used 

in this work have a transmission of the order of 1% of the incident light. An 

extreme case would be a circular region of the object containing 1Z of the 

area with a transmission of 100Z. If we restrict ourselves to the transmitting 

area, then an image of uniform brightness would be reconstructed with an effi¬ 
ciency 

h . , p e 
usable true 

-ad 
(9) 

where a is the absorption constant and d is the crystal thickness. If the 

transmission of this area decreases the usable diffraction efficiency n also 
decreases as 

^ -ad 
-- Te (10) usable true 
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where T is the fractional transmission of the oblect. 
Pj is then 

The diffracted power 

true 
Te 

-ad 
(11) 

where Pr is the incident power in the readout beam. Equation (10) is the 

definition of the usable diffraction efficiency that we will follow. 

E. RESULTS 

The program was significantly advanced by the record-while-hot technique 

developed and discussed in Section II. The first application of this technique 

was the simultaneous recording and fixing of ten images. Following this we 

have recorded up to 100 holograms in several different tests. We shall discuss 

here the results obtained for the ten holograms and those obtained for 100 

holograms since they constitute the landmarks of this program. 

Ten holograms were recorded and fixed in a 0.2-cm-thick crystal of 0.015 

mole Z Fe-doped LiNb03. The objects used were high contrast slides of aerial 

charts and textual material. The usable diffraction efficiency per hologram 

was 15 to 20%. The angular spacing between holograms was approximately one 

degree of rotation but varied significantly from this number. No effort was 
made in this test to optimize the packing of the holograms. 

The image quality obtained was excellent as shown in the photographs of 

Figs. 9 and 10. These photographs were taken with the image projected onto a 

ground glass screen with a magnification of 20 from the storage volume. In 

Fig. 10 the textual material which appears in the background is crosstalk from 
a nearby hologram. This will be discussed below. 

The crystal containing the ten holograms has been exposed essentially 

continuously to an argon laser beam or a tungsten filament lamp for a period 

of eight months with no degradation in either the image quality or the diffrac¬ 
tion efficiency. 

One hundred holograms of two plane wave beams, each with a usable diffrac¬ 

tion efficiency of approximately 0.5%, w.'re recorded in 0.5-cm-thick sample[10]. 

Since these holograms contained no information the image quality could not be 

evaluated. An estimate was made of the integrated contrast ratio by comparison 

of light intensity scattered into the acceptance angle of the detector when 

the Bragg condition was satisfied to the light intensity detected at a point 

between two holograms. The ratio of these intensities was in the range of 

50/1 to 80/1. At the 80/1 level the background light intensity is comparable 

to that expected from scattering from bulk and surface imperfections[11]. This 

result indicates that the corresponding contrast ratio for a particular imaae 
may be quite high. 6 
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Fieure 9. Photograph of Image reconstructed from one of ten 
holograms recorded and fixed in Fe-doped LiNbO-j 
using the write-while-hot technique.



triMi •/ u ! Nt'O iiy.i .:
tfWB aflar gaauiu ur>di«tiu<i uwrv

"•"^Rfiaar2aKs=^-^ Cr. Mi,

Fil’.ure 10. Photograpli of the lm,ige reconstructed from another 
hologram in the same crystal as sliown in Fig. 9. 
Crosstalk from a neighboring hologram can lie seen 
in the' background.
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One hundred holograms of monochrome Images were recorded and fixed in a 

0.5-cin-thick crystal. The galvanometer and associated electronics discussed in 

Section V of this report were used to provide angular addressing. For record¬ 

ing and fixing, the heater described in Section III of this report was used. 

For readout the crystal was mounted on a goniometer head for the galvanometer. 

The fixed holograms each had a usable diffraction efficiency of 1%. The 

cosmetic quality of the images obtained was only fair to good. There are 

several reasons for this. Coherent noise such as bullseyes was present in the 

image due to diffraction and scattering from imperfections in the object trans¬ 

parency and the recording optics. The image intensity was also shaded due 
to nonuniformities in the recording beams. 

The holograms were spaced in equal increments of approximately 3.5 mrad 

over a range of 20 degrees. This angular spacing corresponds to four times 

the zero to zero angular range of the main diffraction peak. The spacing was 

chosen to minimize linear crosstalk between holograms. Crosstalk was visible, 

however, in the reconstructed image due primarily to nearest neighbor holo¬ 

grams. Detailed studies of the effect of crosstalk on the image quality were 
not made during this program. 

Measurements on the crystal in which the 100 monochrome images were 

recorded showed that a weak image of a hologram could be detected up to two 

angular spacings away from the correct angular address. The ratio of the 

power at the Bragg angle to that at the nearest neighbor angular 

addresses was measured to be in excess of 50/1 which is consistent with the 

measurement for the plane wave hologram discussed above. This result, while 

it does not give a measure of image quality, does indicate that usable contrast 
ratios can be obtained at this storage density. 

F. STORAGE CAPACITY 

The results discussed above are consistent with the theoretical predic¬ 

tions for a write-erase asymmetry ß % 15. The extension of these results to 

the level of 1000 holograms predicts a usable diffraction efficiency of 'vO.OIX. 

Based on recent studies of the write-erase asymmetry, it does not appear likely 
that significantly higher values of ß will be obtained. 

At a storage density of the order of 1000 holograms, the foreseeable 

problems divide themselves into two classes. The first concerns the straight¬ 

forward problems of detector sensitivity, extraneous light scattering from the 

storage medium, the retrieval system required, and the angular range over which 

the holograms are stored. In the second class are the more subtle problems 

of the required image quality as defined by the signal-to-noise or contrast 

ratio. The major contributions to image degradation, in addition to coherent 

scattering of light in the recording and readout optics and the storage medium, 

are linear crosstalk between holograms and fluctuations in the diffracted 

light intensity arising from a statistical distributicn of the trapped charges 

which produces the holographic grating[12]. A tradeoff will most likely occur 

between these two noise components. The magnitude of the crosstalk will de¬ 

crease with decreasing diffraction efficiency since the relative contribution 
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of the side lobes to the integrated diffracted light from a given hologram 

also decreases[9]. The results shown in Fig. 2 are an extreme example at high 

diffraction efficiencies. The contribution from statistical sources should, 

however, Increase with decreasing diffraction efficiency since the number of 

trapped charges involved in the formation of a particular grating is smaller. 

Experimental studies have not been made of the relative importance of these 

effects since, until the present program, a suitable storage medium has not 
existed. 

In conclusion, it appears that storage of 100 holograms is feasible in 

heavily Fe-doped LiNbOß. The angular packing density can be reduced signifi¬ 

cantly from the level used in this program to reduce crosstalk between holo¬ 

grams. The upper limit to the storage capacity in the range up to 1000 holo¬ 

grams will be determined by the signal-to-noise ratio required for a given 
application. 
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V. RETRIEVAL TECHNIQUES AND DEVICES 

One of the primary advantages of a volume holographic storage system is 

the simplicity of retrieval of stored images. To address a given hologram it 

is necessary to vary the angle of incidence of the readout beam on the storage 

medium. Acousto-optic or electro-optic light deflectors or mechanical devices 

such as galvanometers or stepping motors can be used for this purpose. In a 

previous program[ll] the use of an acousto-optic deflector to provide random 

access of up to ten holograms was demonstrated, and the capabilities of these 

deflectors for use in larger systems were evaluated. In the present program 

mechanical devices were evaluated as components for retrieval. Only galvano¬ 

meters were found to possess the high-speed, random-access capability required 

for a read-only memory at the level of 100 holograms. 

This section contains a discussion of (A) the sensitivity and control 

required in a retrieval system, (B) the galvanometer system constructed, (C) 

the results obtained, and (D) some conclusions reached on the basis of these 
results. 

A. ANGULAR SENSITIVITY 

The degree of control required for random-access retrieval system depends 

upon the thickness of the storage medium, the repeatability of the accessing 

device, and the allowable fluctuation of the diffraction efficiency from image 

to image due to inaccurate angular positioning. The angular sensitivity of 

the diffraction efficiency n is determined from the relationship[9] 

n 
sin2(c2 ± u2)1/2 

(1 + ç2/v2) 
(12) 

The quantify Ç * 2Trnodôsin0oA is a measure of the phase shift induced by mov¬ 

ing off the Bragg angle, ó = 0 - 0O is the change in angle, n0 is the index of 

refraction, d is the hologram thickness, 0O is the Bragg angle, and > is the 

wavelength, v * nAnd/Xcos0o is the phase shift arising from the electronic 
or ionic space charge pattern and is a constant for a recorded hologram. An 

is the maximum index change in the recorded pattern. When the Bragg condition 
is satisfied, 6*0 and we obtain 

n 
, 2 

sin v sin (TrAnd/Xcos0 ) 
o 

(13) 

The behavior of the rolloff in diffraction efficiency with angle is given 

by Eq. (11) and is shown in Fig. 11 for a 0.65-cm-thick crystal. The angular 
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Figure 11. Variation in diffraction efficiency 
with angle for a hologram stored in 

a 0.65-cm-thick crystal of LiNbO^. 

deviation at which the first zeros in the diffraction efficiency occur can be 

approximated by 

A0 

, COS0' 
nl _o 

2d COS0 sin0 
o o 

(U) 

A calculation 01 the rolloff using this equation is shown in Fig. 12. For 

a 1-cm-thick crystal of LiNbC>3, the first zeros for a hologram recorded at 
0.488 ym with a Bragg angle ©o “ 15° occur at + 0.22 mrad. For a 0.5-cm-thick 

crystal the first zeros are at +0.44 mrad. To obtain a readout efficiency 

greater than 50% of the peak diffraction efficiency (A0 * 0), the repeatability 

of the accessing device must be + 0.22 mrad or less for the 0.5-cm-thick crystal. 

B. COMPARISON OF DEVICES 

In this program, mechanically accessed devices were investigated as opposed 

to electronically accessed (acousto-optic[11] or electro-optic) devices. Two 

types of devices were examined: galvanometers and stepping motors. The 

criteria used in evaluating their relative merits were: linearity, repeat¬ 

ability, speed of response, and a capability for use in a closed servo loop. 
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Figure 12. Theoretical variation in diffraction 

efficiency as calculated from Eq. (14) 

for a 1-cm-thick crystal of LiNbO^. 

1. Stepping Motors 

Stepping motors possess the required repeatability and linearity in those 

cases where high accuracy is not required (crystal thickness less than 0.3 to 

0.4 cm). For use in a servo loop the available stepping motors would require 

extensive gearing down to have a large number of steps between holograms. This 

requirement significantly increases the accessing time but does permit digital 
feedback control. 

2. Galvanometers 

The galvanometer currently used for light deflection applications is an 

analog device that possesses several of the characteristics required for a 

retrieval system. Random access of different angular addresses is possible 

as opposed to the sequential stepping process required with the stepping motor. 

The repeatability of using commercially available galvanometers is sufficient 
with holograms about 0.5 cm thick. 

The major difficulty of employing a galvanometer in a retrieval system 

is hysteresis. To maintain the repeatability required, the galvanometer 

must be driven in the same direction to a given angular position. This, 

while not a serious problem in scanning applicaticns, presents a complication 

for a random-access system. In particular, it slows the response time to 
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periods as long as 10 msec, because the galvanometer must be cycled through 

its complete loop during each accessing cycle to ensure the same starting posi¬ 

tion in each cycle. The method chosen here to accomplish this is discussed 

below; a detailed study of the minimum cycle time has not been made as yet. 

While the galvanometer possesses several of the basic attributes required 

for use in a random-access retrieval s/stem, several objections can be raised 

to its use under severe environmental conditions. The first of these is its 

poor mechanical stability. Next is the temperature dependence of the sensi¬ 

tivity; e.g., temperature changes greater than 5°C will produce shifts suffi¬ 

ciently large to require feedback control on the angular position for crystals 

thicker than 0.3 to 0.4 cm. Despite its drawbacks, however, comparison of the 

relative merits of the stepping motors and galvanometers led to the choice of 

the galvanometer as the best device for mechanical access. This choice was 

based on the relatively fast random-access capability and potential compatability 

with simple feedback loops. 

C. ELECTRICAL CIRCUIT 

The basic function of the electrical circuit for random access of up to 

100 angular addresses is to control the voltage programable power supply that, 

in turn, drives the galvanometer (General Scanning, Model G330), as shown in 

the block diagram of Fig. 13. 

Figure 13. Block diagram of retrieval system. 

The stability and reproducibility of the angular position of the galvano¬ 

meter depend directly upon the voltage generated by the addressing electronics. 

The requirements on the programing voltage can be estimated in the following 

way. The angular deflection of the galvanometer is given by 

0 = KI = K V/K (15) 

where K = 0.5 rad/mA is a constant for the galvanometer, I = F/R is the current 

through the galvanometer, R * 8 ohms is the coil resistance, and F is the volt¬ 

age applied to the galvanometer. For a power supply with a programing constant 

of 1 V/V the addressing voltage is 

F * R0/K * (16 V/rad) 0 (16) 



The required stability of the voltage is 

&V - (16 y/rad)A6 (17) 

For A0 * 0.1 mrad (^1/9 of the zero-to-zero distance on the main peak 
of a 5-imn-thick holognm) 

AF - 1.6 mV (18) 

The addressing electronics discussed below have measured drifts, due to all 

causes, of M).2 mV over a period of days after a warmup of several hours. This 

corresponds to ^1/70 of the zero-to-zero angular width of the hologram used 

here. 

The current supplied to the galvanometer must drive it from -15® to + 15° 

about its rest position. Since the power supplies used are monopolar and since 

a positive programing voltage must be applied to the ma*n power supply, switch¬ 

ing is requited. This is accomplished by generating a programing voltage of the 

form shown in Fig. 14 and reversing the direction of current flow through the 

galvanometer when the addressing voltage reaches zero. 

Figure 14. Voltage waveform used to program the power 

supply which drove the galvanometer. 
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The retrieval system was designed for a total of 100 angular addresses. 

The circuit diagram for the generation of the programing voltage is shown in 

Fig. 15, the circuit for the switching gear in Fig. 16. The voltages are 

generated from parallel resistance ladders, one corresponding to the ten's 

digit and the second corresponding to the unit's digit. These voltages are 

summed in the buffer amplifier A2 (Philbrick-Nexus 1003) and fed to the volt¬ 

age programable supply (Lambda Model LR612A-FM). The voltage corresponding to 

the ten's digit is summed with a gain of 1, and the voltage corresponding to 

the unit's digit with a gain of 0.1. 

500K 
-WA- 

* 4V DC 

500K 500K 
7*AAA^n 

500 K 
—W/v— 

500K 
WW— 

VOLTAGE 
PROGRAMABLE 
POWER SUPPLY 

o Klo 

GALVANOMETER 

NOTE Rl THROUGH Rl8 IK, 1% 

Figure 15. Circuit diagram of programing supply used 

to select one of 100 angular addresses. 

To generate the voltage form shown in Fig. 14 several additional steps 

must be taken. For hologram numbers less than 50, relays K4 through K9 gen¬ 

erate voltages corresponding to the ten's digits 0 through 5, respectively. 

For hologram numbers 50 and greater the relays K8 through K4 generate voltages 

corresponding to the ten's digits 6 through 9, respectively. For hologram 
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Figure 16. Switch circuit for programing voltage supply. 

numbers less than 50 the voltage corresponding to the unit's digit must be 

subtracted from that of the ten's digit because of hysteresis effects. This 

is done by latching switch K2 to the output of amplifier A1 (Philbrick-Nexus 

1003) which inverts the polarity before summing it in A2. For hologram numbers 

greater than 50 switch K2 is latched directly to the ladder through the 5-MO 

input resistor. 

For the voltage ramp shown in Fig. 1A to drive the galvanometer from 

- 15° to + 15° the direction of current through the galvanometer must be^re¬ 

versed. This is done by latching relay K1 in one direction when the ten's 

digits 0 through A are selected and in the other direction when the ten s 

digits 5 through 9 are selected. 

To switch from one hologram to another the galvanometer must first be 

cycled through its complete loop to maximum positive deflection and then to 

maximum negative deflection. To accomplish this, a clear switch is activated 

to release relays KA through K19 and to latch relay K3 to position B on the 



ten's ladder and relay K1 for positive deflection for 100 msec; the switch is 
then released to the position for maximum negative deflection. 

The operational linearity of the accessing electronics is shown in Fig. 14. 

The linearity of the angular motion is shown in Fig. 17 where the deflection 

Figure 17. Linearity in angular deflection as a function 

of programing voltage measured on an arc with 
a 3.5-m radius of curvature. 

was measured on an arc at a distance of 3.5 m from the galvanometer. A more 

sensitive test of the linearity was the following: Six holograms were recorded 

at six widely spaced angular addresses. The galvanometer assembly was then 



rotated to produce the readout of one of those holograms up to ten addressing 

steps away from its original address. All other holograms were found using 

addresses ten steps away from their original addresses. There was no signifi¬ 

cant change in the diffraction efficiencies of the holograms with the change 

in angular address but the repeatability of retrieval of a given hologram was 

poor. 

D. READOUT OF FIXED HOLOGRAMS 

Holograms were recorded and fixed in LiNbO^ using the write-while-hot 

technique. The retrieval system discussed above was used to rotate the crystal 

to different angular addresses with equal steps between holograms. However, 

since the holograms are recorded at one temperature and read out at another 

temperature, thermal expansion of the holographic grating will produce a change 

in the required angle of incidence between recording and readout. 

To examine this problem one starts with the Bragg condition: 

(19) X' “ 2 d sin 6 
o 

where X' is the wavelength, d0 is the grating spacing, and 0 is the angle of 
the readout beam away from the grating direction. The primed symbols indicate 

values in the storage medium. The form of this equation is identical in air; 

thus, the grating spacing d0 is independent of the ambient. If d0 is the 
grating spacing at room temperature, the Bragg equation at high temperature 

becomes 

(20) X' - d (1+6) sin (0 + A0) 
o 

where ó * aAT is the fractional expansion in d0» a is the coefficient of 
thermal expansion (from ref. 13: ac ■ 2 x 10*6, aa “ 16 x 10 6), and AT is the 
difference in temperature between the recording temperature and the room 

temperature (AT % 140°C). Expanding sin (0 + A0) and rearranging the terms in 

Eq. (20) gives 

-- sin 0 - 6 sin 0 + (1 + 6) A0 cos 0 
d 

Then 

(21) 

for the change in Bragg angle when recording at high temperature. The negative 

sign indicates tint the Bragg angle is smaller at high temperatures. The 

assumption underlying this result is that the tilt angle of the grating to the 

crystal surface does not change with temperature. 
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Thus, after recording at T * 160°C and cooling to room temperature the 

Bragg angle must be increased to read out the hologram. For 0 « 15° this im¬ 

plies a shift (using ctc - 2 x 10-6) of A0 - 0.086 mrad. This shift is a con¬ 
stant of the recording geometry in that once 0 (the half-angle oetween the 

recording beams) is fixed, A0 is determined. To compensate for this increase 
in readout angle the crystal can simply be rotated by A0. 

E. RESULTS 

In the recording process equally spaced angular addresses are required 

for compatibility with the retrieval system. The simplest solution was, then, 

to use the same galvanometer for recording as for readout. The only variant 

from galvanometer to galvanometer is the sensitivity constant given k - 0/1, 

where 0 is the angle and I the current. Therefore, holograms could be recorded 

in a crystal using one galvanometer and read out with another by simply changing 
the range of currents involved. 

In a 0.5-cm-thick crystal, the results showed that one could reproduce an 

angular address within approximately the full width of the main diffraction 

peak, which corresponds to a galvanometer repeatability of approximately 0.25%. 

This is to be distinguished from the case where, in a group of holograms, 

several had angular addresses that were inconsistent with the remainder. This 

effect presumably arises from changes in the galvanometer sensitivity due to 

mechanical or thermal causes during the recording process. These changes can¬ 

not be detected when they occur since the hologram itself cannot be observed 

during the recording process when the write—while-hot technique is used. 

For this reason random retrieval of 100 holograms was found to be im¬ 

possible using the system discussed in this report. This conclusion indicates 

that other, more stable, accessing systems could be satisfactory. It is also 

possible that other causes, not as yet recognized, may also be contributing to 
this problem. 

F. CONCLUSIONS 

The results obtained during this program indicate that for storage media 

up to 0.5 cm thick a galvanometer can be used with reasonable but not satisfac¬ 

tory results. Due to the high angular selectivity for hologram readout and the 

random-access requirement, the necessary stability of power supplies and the 

sensitivity of the galvanometer to mechanical and thermal effects, the use of 

galvanometera is of questionable utility in a holographic memory. 
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VI. INCOHERENT READOUT 

The use of an incoherent source such as a xenon or mercury arc or a 

tungsten filament for the retrieval of holograms stored in an electro-optic 

medium would have obvious advantages for a moving map display. In a previous 

investigation[11] we found that holograms stored in an electro-optic medium 

could be retrieved with an incoherent source, and the spectral content of the 

image and angular dependence of the efficiency were measured. The results of 

that investigation were sufficiently encouraging to warrant further investi¬ 

gation of this retrieval technique. In the following we will discuss addi¬ 

tional measurements that we have made, and the conclusions that we have 

reached about the viability of incoherent readout in a hologram retrieval sys¬ 

tem based on an electro-optic storage medium. 

A. HOLOGRAM FORMAT 

Focused-image holograms were chosen for this work since they minimize 

the spatial coherence requirements on the readout source. In a thick record¬ 

ing medium the image is actually only in focus at one plane unless the depth 

of field is particularly large. Strictly speaking, therefore, the stored ho¬ 

logram is thus a quasi-focused image hologram. The holograms studied were 

recorded and fixed in crystals of Fe-doped HNb03 approximately 0.2 cm thick. 
The ability to fix holograms in this material considerably simplified the 

task of measurement of the parameters of the readout process. 

B. MEASUREMENT APPARATUS AND PROCEDURE 

The recording and readout arrangements used for the study are essentially 

the same as those discussed in a previous report[11]. The readout system 

shown in Fig. 18 differs only in the use of a 1000-W xenon arc as a source 

and of interference filters to provide a narrow ('vóO Â full width at half 

maximum) band of wavelengths. 

The brlgntness of the readout beam and the reconstructed image was meas¬ 

ured using a Pritchard photometer (Spectra Model 1970-PR). For both the 

readout beam and the image, the brightness measured was that of the light re¬ 

flected from a MgCOß block which behaves as a Lambertian reflector. With this 

technique both the readout efficiency and the photometric brightness of the 

image can be measured with a minimum amount of correction required. 

In the results discussed below a collimated reference beam was used since 

it was felt that this was the simplest configuration to reproduce. The results 

will not be affected by the choice of recording and readout beams with other 

focal p operties as long as they are identical. It was found, however, that 

if a collimated reference beam was used for recording, a collimated reference 

beam gave the optimum readout efficiency. If, for a hologram recorded with a 

collimated reference beam, the readout beam was focused to increase the inten¬ 

sity of the light incident on the crystal, then the readout efficiency de¬ 

creased. In the tradeoff between increasing incident light and decreasing 

efficiency the intensity of the diffracted light decreased. 
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IMAGE 

Figure 18. Optical system for incoherent readout. 

C. RESULTS 

The utility of incoherent readout as a technique for retíieval of holo¬ 

grams stored in a thick medium depends upon the readout efficiency relative 

Cw i, Ü/0r coherent readout and the angular selectivity of the medium. We 
shaH discuss here detailed measurements of these properties, which we have 

made during this period, and a simple model which enables us to understand the 
results obtained. 

The efficiency for incoherent readout of a focused-image hologram was 

measured with several configurations for collecting light from the xenon arc 

source. For light polarized parallel to the c-axis of the crystal the optimum 

efficiency for readout ranged between 10 and 25¾ of that obtainable with laser 

light at the wavelength at which the hologram was recorded. An example of 

í i**0* be a focused_ima8e hologram recorded at 4880 Â with an efficiency 
ot 15% For incoherent readout the optimum efficiency of the same hologram 

ranged from 1.5% to 4%. This range of values of the efficiency is due to a 

variation in the degree of spatial coherence or collimation. The degree of 

coherence or collimation was varied by changing the size of the aperture in 

the collection and collimation optics. When the size of the pinhole was de¬ 

creased from 3000 pm to 250 pm the efficiency for readout increased by more 

than a factor of two, but the amount of light incident on the storage medium 

decreased by a factor of 200. Figure 19 shows the efficiency and image bright¬ 
ness as a function of aperture size. 

The efficiency for incoherent readout was measured at five different 

wavelengths (4900 A to 6328 A) spanning the visible spectrum, using inter¬ 

ference filters with a bandpass varying from 60 Â to 100 Â. The efficiency 

was found to be essentially constant across this range. 
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Figure 19. Effect of spatial coherence on incoherent 

readout efficiency and image brightness for 

a quasi-focused image hologram. 

The angular selectivity for incoherent readout was measured using the 

light transmitted through interference filters centered at 5460 Â and 5790 A. 
The bandpass of these filters was 65 A at 5460 A and 70 A at 5790 A. The 

corresponding range of angles over which the hologram could be read out was 

66 mrad at 5460 A (to zero on both sides of the main diffraction peak). These 

values are to be compared with a value of 2.75 mrad expected for this thick¬ 
ness for coherent readout at 4880 A 

The principal results of these measurements are, then, that the effi¬ 

ciency for incoherent readout is about 10% of that obtainable for coherent 

readout and the angular sensitivity is approximately 25 times less using 60-A 
to 70-A bandpass filters. To determine whether these results are optimal and 

consistent with the known properties of thick-phase holograms we can consider 

a simple model of the readout process for an incoherent source. The temporal 

coherence of a light beam is measured as the distance over which the beam 
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and a 18 ^hlckne8S of the crystal. For the 4880-Â laser 
line the diffracted ampUtudes from each thickness A will add since they are 
coherent with one another. In this case, the total efficiency is 

sin (f 
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The relative efficiency of incoherent to coherent readout is 
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(24) 

For nc <> 15% 

n ^ M % 

N 1 
/ ïï An A X 4 

1 Í.X cos 8/2J 

n2| 
f H An A X 

i2 \\ COS 6/2J 

I 
N 

A 
d (25) 

For a crystal 0.182 cm thick and a 65-Â bandpass (FWHM) for incoherent light, 
n 2.5% which is a factor of VLO less than the highest measured value. 

The angular selectivity for a hologram of thickness A is [14] 

A6 nX cos 6*/2 
A cos 6/2 sin 6/2 (26) 
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For 0 ■ 30*, A ■ 46 um and X ■ 5460 Â, A0 - 122 mrad which is a factor of two 
greater than the measured value. Similarly at 5790 A, A6 ■ 129 mrad. These 

values are to be compared with measured values of 66 mrad and 74 mrad, respec¬ 

tively. This model also predicts the observed increase in A0 with wavelength. 

This approximation, which treats the crystal as a stack of thick phase ho¬ 

lograms each of which is A thick, predicts the reduction in relative effi¬ 
ciency to a factor of ten and the reduction in angular sensitivity to within 

a factor of two. The discrepancy in each case is in the same direction; 

i.e., if the effective hologram thickness is 2 A, then the angular sensitivity 
is in good agreement and the relative efficiency is within a factor of five. 

While the approximations used here are quite clearly crude, the model also 

leads to the correct result that n ^ 1 for white light readout of thin-phase 

holograms. A more detailed calculation may lead to closer agreement with the 

measurements discussed above. 

The most important element is the incoherent readout process is, then, the 

temporal coherence of the readout beam. Increasing the coherence length will 

Increase both the readout efficiency and the angular selectivity. An increase 

in the coherence length by narrowing the spectral bandwidth does not lead to 

a decrease in image brightness, at least up to a point, as a simple calcula¬ 

tion shows. The diffracted power is 

PT * P nT * P A n /d (27) 
I o I o c 

where P0 is the Incident power, and the other symbols are as defined above. 

If the lamp output spectrum is flat over the wavelength range of interest, 

then 

P * K AX 
o 

where K is a constant. The diffracted power becomes 

P 
I 

K AX A 
n c 

(28) 

(29) 

which is independent ot the spectral bandwidth. Thus, it would appear that 

the spectral purity or color saturation can be enhanced as well as the angular 

selectivity without a concomitant loss of image brightness. There is an upper 

limit to a useful coherence length which is either the crystal thickness or 

the onset of destructive interference of light diffracted from different vol¬ 

umes of the phase grating. This latter effect arises from the fact that the 

Bragg condition cannot be satisfied over a large volume at wavelengths dif¬ 

ferent from that at which the grating was recorded[15]. This effect is quite 

pronounced when readout is attempted with a different laser line than that at 

which the hologram is recorded. Such int irference effects were not observed 

here for incoherent readout because of the short coherence length. 
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D. CONCLUSIONS 

From the simple model discussed above it is clear that the coherence 

length or spectral bandwidth of the source is the dominant factor in the in¬ 

coherent readout of thick-phase holograms. The efficiency for Incoherent 

readout approaches that for laser readout as the coherence length becomes com¬ 

parable to the crystal thickness. There are, however, no sources except the 

high pressure mercury arc at 5460 Â which has an output whose brightness is 

within several orders of magnitude of that of a laser. Thus, an image bright¬ 

ness comparable to that obtainable with a laser can never be achieved. In 

addition, if a hologram is recorded at say 4880 Â and read out at 5460 Â with 

a spectral bandpass AX < 5a, the image quality is severely degraded due to 

interference effects arising from the fact that at 5460 Â the Bragg condition 

for 4880 A cannot be satisfied over large areas of the object. If, on the 

other hand, we choose to use a large bandwidth source, both the efficiency for 

incoherent readout and the angular selectivity of the medium decrease. This 

is in contrast to the case for thin holograms where the coherence length is 

always greater than the hologram thickness, and thus a broad-band source can 

be used to increase the brightness. There is, however, no angular selectivity 
for a thin hologram. 

In conclusion, the measurements discussed above and the simple model 

used to interpret them indicate that incoherent readout of thick phase holo¬ 

grams stored in an electro-optic medium is not a viable approach for direct 

display of information in a moving map display. 
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VII. ELECTRONIC DISPLAY 

The results obtained in Section VI and the relative comparison of direct 

and indirect displays to be made later in this report show that the only viable 

format for the display of information in a high light ambient is the use of an 

electronic display. An electronic display in this context covers a variety of 

different devices: color kinescope or scanned laser using vidicon pickup, 

direct projection into a light valve and others. In this program we have con¬ 

centrated on the application of electronic color-encoding techniques for the 

storage of coior images in thick phase media and the display of the recon¬ 

structed image on a color kinescope. In this section, we shall discuss the 

results obtained in this area. 

A. ELECTRONICS 

In a previous program[ll] a two-frame electronically encoded color trans¬ 

parency was recorded and fixed in a crystal of LiNbOß. This hologram was re¬ 

constructed and the separate frames were imaged onto two separate monochrome 

cameras. The video signals were then decoded and the color image displayed 

on a commercial color monitor. The use of two cameras led to problems of 

mechanical alignment and misregistration in addition to the cumbersome setup 

required. 

During the current program the two-camera system was replaced with a 

Bivicon camera, and a more sophisticated electronic decoding system was con¬ 

structed [16-18 ] . The key to the simplification of the display system was the 

use of the Bivicon camera developed at RCA Laboratories. In this camera two 

photosensitive targets are contained in the same tube. With this arrangement 

both targets share the same deflection electronics, and the effect of thermal 

and mechanical drifts is minimized. The use of this tube also led to con¬ 

siderable simplification in the mechanical setup and alignment procedure since 

the reconstructed image containing the two frames was simple Imaged on the 

tube face. 

B. RECORDING ARRANGEMENT 

The primary requirement of the imaging optics in the holographic recording 

system is that the object transparency be imaged on the Bivicon target with a 

magnification such that the two frames are centered on the respective targets. 

In this case, a magnification of 1.38 was required to match the frame separa¬ 

tion of 7.6 mm to the target separation of 10.5 mm. A single lens in the 

recording apparatus was sufficient to provide the required magnification. This 

system, shown in Fig. 20, had the additional advantages that an imaging lens for 

the Bivicon was not required, and the coherent noise from imperfections in the 

system optics was reduced by the elimination of this lens. 
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Figure 20. 

READOUT SYSTEM 

Optical system used for recording and readout 

of holograms of color-encoded transparencies. 

C. REDUNDANCY 

Coherent light, when used for the recording and readout of information 

stored in a hologram, becomes a source of noise In the displayed image. This 

noise has two components. The first of these is speckle noise which is common 

to all laser displays. The second is diffraction from imperfections in the 

recording or readout optics or in the recording medium itself. This noise 

can be significantly reduced by causing the light which illuminates a particu¬ 

lar point in the object plane to travel through the optical system with a 

number of different paths. The fraction of the light diffracted from a 

particular point in the object which is Intercepted by a defect in the optical 

system is reduced thus producing an increase in the slgnal-to-nolse of the 
image. 

The technique used to achieve this goal is to illuminate the object with 

a multiplicity of beams[19]. In the present program, two-dimensional sinusoidal 
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gratings recorded in photoresist and which produced nine beams of approximately 

equal intensity were used. In this way, approximately a nine-fold increase in 
the redundancy of the recorded hologram was obtained. 

D. RESULTS 

The addition of a two-dimensional phase grating to introduce redundancy 

into the recording system improved the quality of the color image obtained 

considerably. Noise from imperfections in the optics was still present in¬ 

dicating that the degree of redundancy required will have to be increased. 

Examination of the gratings available usinp direct projection of an encoded 

transparency indicated that a part of the problem lay in nonuniformities in 

the grating itself. An effort is now under way to make higher-quality gratings 
than those at hand. 

From the initial results obtained in this program it appeared that the 

high optical quality of the LiNbOß crystals used as a storage medium would 

decrease the redundancy requirements from those required in other systems. 

The results obtained to date indicate that noise in the optics is the dominant 

factor in the determination of image quality. The optical quality of the 

LiNbOj does enter directly in that optical damage, which accumulates with pro¬ 

longed readout, becomes a source of noise in the readout hologram and con¬ 

tributes to degradation of the color image. In an effort to reduce the im¬ 

portance of optical damage a narrow band interference filter at the readout 

wavelength was placed in front of the Bivicon. With this filter in place, an 

incoherent source such as a tungsten filament can be used to illuminate the 

crystal uniformly to suppress the buildup of optical damage. The addition of 

this filter introduced some noise into the image due to imperfections in the 

filter. This was reduced with the use of the redundancy device and will be 

further reduced when filters with better optical quality are obtained. 

E. CONCLUSIONS 

The images obtained from the encoded transparencies were of good quality. 

The introduction of redundancy through the use of multiple beam illumination 

of the object led to a considerable improvement in the image quality. It is 

clear that both in this area and in the quality of the optical syste signifi¬ 

cant improvements can be made. It is apparent though, that with sufficient 

effort a display based upon volume storage of color-encoded objects is feasible. 

In addition to the experimental work discussed above, a theoretical under¬ 

standing of the relative importance for volume storage of images of different 

sources of noise such as Intermodulation distortion and crosstalk, as well as 

coherent scattering of light, is required. In particular, an understanding of 

the applicability of the theory of suppression of coherent noise with redundancy 

in thick, as opposed to thin, phase holograms is required. An example in point, 

which appears to be consistent with our observation of the image quality of high 

diffraction efficiency holograms, is that intermodulation distortion is sup¬ 

pressed proportionfl to the hologram thickness[20]. 
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VIII. SYSTEM EVALUATION AND CONCLUSIONS 

A volume holographic read-only optical memory has three basic components: 

the accessing system, the storage medium itself, and the image display device. 

In this section, we shall evaluate each of these areas in light of what has 

been learned in this program. In each case the future direction that this 
program should take will be discussed. 

A. RETRIEVAL TECHNIQUES 

One of the primary advantages or a volume holographic read-only memory 

is its potentiality in a fast, random-access mode. In Section V of this report 

galvanometers and stepping motors were evaluated while acousto-optic deflec¬ 

tors were evaluated in an earlier program. Based upon this work a comparison 

of capabilities can be made and tradeoffs in the choice of a particular device 
can be understood. 

The galvanometer is a simple, low-cost device with high angular resolu¬ 

tion. It is, however, sensitive to both thermal and mechanical perturbations 

and has an inherent hysteresis problem. The galvanometer used here (General 

Scanning Model G-330) has a temperature sensitivity of 0.02X/#C. Changes on 

the order of 10®C will change the calibration of the device to the extent that 

hologram addressing would be Impossible without a coded addressing scheme on 

individual holograms. In a laboratory environment the galvanometer can perform 

satisfactorily with crystals less than 0.5 cm thick but thelt mechanical stability 

presents a serious problem both in general as well au in extrem* conditions. 

The hysteresis effect noted in Section V can be overcome In access lug applica¬ 

tions where servo loops are not required, but this effect has presented diffi¬ 
culties in our preliminary studies of servo techniques. 

Work at RCA Laboratories and elsewhere has led to the develop* t of the 

paratellurite (Te02> acousto-optic deflector. Up to 500 fully teso, id spots 

with 90% diffraction efficiency have been obtained using a current K(A leU^ 

deflector[21]. This device operates at a 67-MHz center frequency with a 

65-MHz bandpass and requires 40 to 60 mW of rf power. The access tlm- ob¬ 

tained }oi the 500-spot deflector is 20 nsec. The reduction of an order of 

magnitude in the rf power requirements, combined with the mechanical stability 

and smaller temperature sensitivity of the Te02 deflector, makes this device 

appear to be the better choice at this time as opposed to mechanical devices 
such as a galvanometer. 

The electrical system discussed in Section V-C provided sufficient accuracy 

for the requirements of this program. However, an increase in scale to a 

retrieval system capacity of the oruer of 1,000 holograms will require more 

sophisticated techniques than those used here, particularly in those cases 
where an acousto-optic deflector is used. 
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B. STORAGE MEDIUM 

The development of improved fixing techniques for the most sensitive 

Fe-doped LiNb03 and the application of these techniques constitute a signifi¬ 
cant step toward the development of a volume holographic storage system. The 

write-erase asymmetry present at the fixing temperature is sufficient for the 

storage of a large number of holograms as discussed in Section III. Since the 

write-while-hot technique permits the recording of high diffraction efficiency 

holograms without beam coupling effects and significant amounts of optical 

damage, the original projection of 1,000 holograms with a diffraction effici¬ 

ency greater than 0.01Z should be obtainable. The recording of 100 holograms, 

each with a diffraction efficiency greater than 1% as obtained during this 

program, is consistent with that projection. 

In addition to the still somewhat primitive recording techniques, two 

other areas in which material improvements or new materials would have a signif¬ 

icant impact on this program are (a) an increase in the writing sensitivity 

of the storage medium and (b) a reduction in the optical damage during pro¬ 
longed readout. 

Increases in the writing sensitivity could come from either of two 

sources: improvements in the Fe-doped LiNb03 or development of new materials 
with sensitivity greater than that of LiNb03. Preliminary investigations in 

this area have begun under a materials research program sponsored by the Naval 

Air Systems Command[7], 

Photochromie LiNbC>3[4,5] offers one of the most interesting possibilities 

for the reduction of optical damage during readout. After hologram recording 

and fixing electrons trapped at Fe3+ sites are photo-ionized and trapped at 

other sites in the crystal which do not absorb light at 4880 Â. Since the 

readout light is not absorbed, optical damage is suppressed. Until now, how¬ 

ever, these materials have not been as sensitive and do not fix as well as 

the best singly-doped-crystals. An additional advantage of the photochromie 

materials is that since the absorption is reduced at the readout wavelength 

the usable diffraction efficiency is increased. 

C. DISPLAY FORMAT 

From the point of view of system configuration and ultimate storage 

capacity, the most important consideration is the final form of display. The 

two alternatives are (a) direct display, where the light diffracted by the 

medium is used to reconstruct the viewing images without any buffering, and 

(b) indirect display, where the image is picked up by an electronic device 

that controls the final display. The major differences are in the diffraction 

efficiency required from the medium and in the method of color encoding that 

can be used. 

1. Direct Display 

There are two approaches to the direct display of images stored as thick 

phase holograms. They depend on whether a laser or an incoherent source is 
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used to reconstruct the image and project it onto an appropriate viewing screen. 
In this section, we shall consider the question of whether either of these 

approaches is a viable alternative for the display of maps. 

Use of a laser source allows one to exploit the large angular packing 

density of thick phase gratings and the high resolution capabilities of the 

electro-optic medium. There are several difficulties with the use of a laser. 

The first is that to produce a direct color image two lasers or a mixed-gas 

laser must be used. The use of two large lasers is uneconomical. The use of 

a mixed-gas system is questionable because of difficulties with broadband mirror 

coatings. A second difficulty is that the writing sensitivity for the red 

primary color is poor for all known materials. A third problem with direct 

readout, which is also common to a system using incoherent readout, is that the 

readout efficiency per stored hologram decreases as the number of holograms 

stored in a given volume increases. At the present time 100 holograms can be 

stored and fixed with an efficiency greater than 1%, while for 1000 holograms 

the corresponding efficiency would be of the order of 0.01%. These efficien¬ 

cies are marginal for a direct display of suitable brightness, even at the 
100-hologram level. 

The use of an incoherent source for the readout of thick-phase holograms, 

which was discussed in Section VI of this report, is an attractive alternative 

to a laser source since it is simpler and more economical, meets the overall 

system requirements on power consumption, and provides the three primary colors 

from a single source. The measurements and the simple model for incoherent 

readout discussed above showed that there were several tradeoffs in the use of 

an incoherent source. The primary result was that the optimum performance was 

obtained for a source whose coherence length was of the order of the crystal 

thickness. For a 0.2-cm-thick crystal this length corresponds to a source band¬ 

width of 1.5 Â at 5500 Â. Thus, we must seek an incoherent source with bright¬ 

ness comparable to that of a laser over a bandwidth of several angstroms. 

There are no sources other than the Hg line at 5460 X which possess a bright¬ 
ness comparable to that found in laser sources. 

For a 1000-W Xe arc the energy collected by a lens which subtends a solid 

angle of 0.32 steradian and which focusses the collected light through a 

l/8-in.-diam. pinhole (the system used in this work) is approximately 0.16 mW/Â 
in the visible range. For a 1000-W Hg or Hg-Xe arc the output at 5460 Ä is 

approximately 5 mW/Â. Small Ar'*’ helium-neon or helium-cadmium lasers can 

easily produce outputs larger than these values at the corresponding wavelengths. 

An estimate of the power incident on the viewing screen of a direct dis¬ 

play can be made from previous work[22]. We estimate that 10-raW incident 

power is required to provide a usable image on a 6-in.-diameter screen. The 

efficiency of the optical system (exclusive of the hologram) was ^63%. If we. 

assume that this is a reasonable value for system efficiency, then for a 1% 

efficient hologram, the required optical power input to the system is 1.57 W. 

This value is far in excess of the capability of incoherent sources discussed 

above. The size of the laser required to produce 1.57 W is also in excess of 

the overall system specification for electrical power consumption. 
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Thus, it is clear that, with multiple storage, a direct display of maps 

in LiNb03 is not feasible because of overall power consumption and because of 

lack of sufficient image brightness. 

2. Electronic Display 

In systems where direct display cannot satisfy overall system require¬ 

ments an electronic display may provide an adequate solution. This approach 

includes an electronic pickup, such as a vidicon, and a buffer which decodes 

the pickup and provides for proper visual display. Normally, such a system 

would Include a kinescope for final viewing but is not limited to this approach. 

The advantages of electronic display are several. Among the most 

Important are: 

• Low diffraction efficiency holograms may be used because of the 

high sensitivity of the vidicon pickup. This would result in much 

increased storage capacity. 

• Color display can be produced with a variety of formats (one, 

two, or three frames) ana require a single wavelength for recording 

and readout. 
• The sensitivity of the electro-optic medium need be high only at 

one wavelength and not over a broad range of wavelengths. 

• Lo*.-power lasers can be used, thus reducing system cost and 

complexity. 
• Increased flexibility in the display format and in the addition of 

read-time information to the visual display. 

• Simpler annotation and dynamic symbology. 

The disadvantages of this approach are: 

• The resolution capabilities of the present electronic display based 

on color kinescope are the order of 350 lines with a potential increase 

of up to a factor of two in resolution. 

• Increased complexity and possible cost in terms of the added 

electronics. 

The results obtained to date with the two-frame encoding technique show 

that this approach should yield, with further effort, a color display of the 

required quality. The high optical quality of LiNb03 crystals appears to 
reduce the redundancy required for this application as compared with other 

storage materials such as Photoresist. 

The limited resolution of kinescope displays negates, as noted above, 

the high resolution storage capability of LiNb03. Systems such as a scanned 

laser coupled with a high resolution vidicon or a light valve are alternative 

formats which will have to be considered for higher-resolution displays. 



D. IMAGE QUALITY 

The object transparencies used in this program were recorded ip high con¬ 

trast emulsions on glass plates in a 35-mm format or on Kodak EBR special 

16-mm film. The images reconstructed from holograms recorded with the 35-mm 

glass slides were cosmetically of better quality because of the format size 

which reduces the sensitivity to imperfections in the emulsion and dust on the 

emulsion as well as to the higher object contrast ratio obtainable with the 

glass plates. These results indicate that redundancy should be added to the 

recording system even in the case of monochrome images to compensate for im¬ 

perfections in both the object and the recording optics. This is true whether 

a vidicon pickup or direct display of the readout images is used. 

The ultimate limitation on the storage capacity in the range between 

100 and 1000 holograms will be determined by the required signal-to-noise ratio. 

In addition to the coherent noise from imperfections, additional sources of 

noise in the readout image peculiar to volume storage must be considered. 

Ramberg[12] has considered two sources of such noise: (a) linear crosstalk be¬ 

tween images and (b) fluctuations in the intensity in the reconstructed image 

arising from the statistical distribution of the trapped charge which produces 

the phase grating. Neither of these noise sources was explicitly investigated 

during the current program. The problem of linear crosstalk did arise in this 

program when an effort was made to record more than a few holograms in the 

same volume as was shown in Fig. 10. A practical criterion for the angular 

spacing of four to five times the zero-to-zero angular width of the main dif¬ 

fraction peak was used in this work. The acceptable level of crosstalk in an 

image will derermine the angular spacing used in a practical system and, when 

taken together with the statistical effect, will determine the ultimate capa¬ 

city of a volume storage medium. The optimization of the storage capacity and 

the signal-to-noise ratio thus constitutes one of the most important tasks re¬ 

maining in the development of the volume holographic storage system. 

E. CONCLUSIONS 

The evaluation of the various components of a volume holographic storage 

system to be used as a moving map display or in other read-only memory applica¬ 

tions emphasizes the fact that while major progress has been made during this 

program, a number of problems remain to be solved. The recording and fixing 

of 100 holograms in Fe-doped LiNbOj represent a significant achievement of this 

program and augurs well for the attainment of our ultimate goal of 500 to 1000 

holograms stored and fixed. Detailed analysis and measurement of image noise 

sources are required, however, since these effects will ultimately limit the 

capacity of the storage medium. These measurements are of particular importance 

since they bear directly on the practicality of the proposed system. An 

estimate of the limits imposed should be obtainable in a concentrated effort 

wltl. the materials at hand. The influence of material parameters on noise 

sources will, when properly interpreted, serve as a guide for further materials 

development. 

The importance of increased understanding of the material properties 

was clearly demonstrated by the impact of the development of the write-while- 
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hot technique on our success in recording and fixing 100 holograms. Future 

efforts to Increase the write-erase asymmetry and to reduce the effects of 

optical damage during readout will be of great importance to an effort to in¬ 
crease the image quality. 

The conclusions drawn from the results obtained in this program indicate 
that the next steps required are fourfold: 

• Scaling up of the present systen- from 100 to the range of 500 to 

1000 holograms stored and fixed. 

• Measurement and analysis of the noise sources in a volume holo¬ 

graphic storage system. 

• Continued effort to improve the material performance. 

V Optimum retrieval system for 1000 holograms. 
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APPENDIX A 

EXPOSURES FOR MULTIPLE STORAGE 

To fully utlize the multiple storage capacity of Fe-doped LiNb03, one 
must take into account the optical erasure effect discussed in Section III. 

The sequential exposures should be chosen such that at the completion of the 

storage process, all holograms have approximately the same diffraction effi¬ 

ciency. In this appendix, we derive a relationship for the required exposures, 

and use this relationship to determine the limitation of the erasure problem 
on the diffraction efficiency. 

The basic requirement for equal efficiencies is shown in Fig. 21. The 

diffraction efficiency is shown as a function of exposure for a number of 

separate writing operations. At the end of each operation, the crystal is ro¬ 

tated slightly, and then another hologram is recorded. The dotted line shows 

the erasure that occurs during storage. Here, the exposures are chosen so 

that the erasure is perfectly compensated. Consider the second exposure. It 
is stopped when the storage curve of the second hologram intersects the eras¬ 

ure curve of the first hologram. As a result, both holograms have the same 

diffraction efficiency and erase along the same curve as the third hologram 

is recorded. By repeating this procedure, any number of equal-efficiency ho¬ 
lograms can be recorded. 

Figure 21. Storage (solid lines) and erasure (dotted 

line) during a multiple recording process 

that perfectly compensates for erasure. 
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In practice, the required exposures cannot be experimentally determined. 

The storage is done at elevated temperatures at which the holograms are latent, 

i.e., they cannot be observed. The best approach is to calculate the exposures 

from the well-established writing and erasing behavior of holograms in electro¬ 

optic crystals. In these materials, the appropriate functions are given by 

write: n ^ (’O) 

erase: n % exp [-2g/se] (31) 

where n is the diffraction efficiency, & is the exposure time, and £e is the 

time requited to decrease the efficiency by e^ (^0.75). If the nth hologram 

is to have the same diffraction efficiency as the previous one, we must have 

\ ■ Vi ^ (32) 

where is the exposure for the nth hologram. Since 

(33) 

we have for perfect compensation of erasure 

— - exp 
n-1 

(34) 

Equation (35 cannot be solved directly in a closed form, but can be sim¬ 

plified by assuming that the storage time of any of the holograms is much 

smaller than that required for erasure, i. e., 

<< £ 
e 

(35) 

This type of write/erase asymmetry is highly desirable for increasing the stor¬ 

age capacity and can be easily achieved. Making this assumption, Eq. (5) be¬ 

comes 

or 

^n - 1/Sn-1 - 1/£e 

(36) 

(37) 
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P. m mm if— 

By iteration this gives 

l/íin - l/e. “ (n - De^ 
ni e (38) 

or finally 

(n - 1) + e /e, 
e 1 

(39) 

where anden are the exposures of the 1st and nth holograms, respectively. 

This gives the successive exposures needed to obtain equal diffraction effi¬ 

ciency for all n holograms. Note that, as expected, the exposures must become 
progressively smaller. 

We can calculate the diffraction efficiency of the n holograms with Eqs. 
(39) and (30). These yield 

nn “ nl 11 + 
-2 

(40) 

where 

\ = y*! (41) 

The total exposure required to obtain these holograms is derived by summing 

Eq. (39): 

£ 
total 

£ 
“ u 

L . , , E __ 
n'-l n n'*l (n1 -1) + 8 

(42) 

For a ß of a much greater than unity (^ 10) and for an even larger value of 

n, this can be approximated by integrating Eq. (42) to get 

£,^ . = £ In £ 
total e ß (43) 

Using the same approximation, we derive the diffraction efficiency of the 
n holograms from Eq. (40) 

n1 (fig/y 2 

'n 2 
n 

(44) 
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