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FOREWORD

This Final Report was prepared by RCA Laboratories, I'rinceton,
New Jersey, for thce NASA George C. Mavshall Space Flight Center at
huntsville, Al .bama. It describes work done unier Contract NAS8-26808
during the period 18 October 1972 to 31 March 1975 in the Information
Sciences Research Laporatory, Dr. Jan A. Rajchman, Staff Vice President
and Director. The NASA Project Monitors were Mr, E. J. Reinbolt and
Mr. G. A. Bailey.

Earlier efforts under this contract were reported in a comprehensivc

3=volume interim report issued in November 1972 (refs., 1-3).
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READ-WRITE HOLOUCRAPHIC MEMORY WITH
IRON=DOPED LITHIUM NIOBATE

by

G. A. Alphonse and W. Phillips
RCA Laboratories
Princeton, New Jersey 08540

SUMMARY

The response of ir.u-doped lithium niobate under conditions cor-
responding to hologcam storage and retrieval is described, and the
material's characteristics are discussed. The “rcical sensitivity can
be improved by heavy chemicai reduction of lightly doped crystals such
that most of the iron is in the divalent state, .he remaining part being
trivalent. The best reduction process found to be reproducible so far
is the anneal of the doped crystal in the presenc. of a salt such as
lithium carbonate. It is shown by analysis and simulation that a page-
oriented read-write holographic memory with 103 bits per page would
have a cycle time of about 60 ms and a signal-to-noise ratio of 27 dB.
This cycle time, although still too long for a practical system, repre-
sents an improvement of two orders of maraitude over that of previous

laboratory prototypss using different storage media.
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I. INTRODUCTION

The work at RCA and elsewhere on read=-write holographic memory has
shown that the component that poses the major problem in the realization
of a system operating in the submillisecond cycle time is the storage
medium. In an experimental memory built by RCA (ref. 4) the storage
medium was thermoplastic. Although the sensitivity of thermoplastic is
high, of the order of 0.2 uJ/mn2 for 1% diffraction efficiency, the
memory cycle time is of che order of a few seconds, due to the required
processing (charging and thermal fixing). A more suitable alternate
storage medium is iron-doped lithium niobate. Its sensitivity has been
improved considerably by means of a process that involved light doping
of the material followed by heavy chemical reduction (ref. 5). The
crystal is easy to grow and to handle, and the chemical treatment proc-
ess seems to be reproducible.

In order to determine its usefulness as a potential storage medium,
it is necessary to establish its characteristics. This includes the
development of the preparation process that maximizes the sensitivity
and tlie refinement of that process .o achieve reproducibility. It also
includes the theoretical and experimental study of the time development
of the holographic storage and erasure, its dependence on beam mcdula-
tion, recording angle, and its noise characteristics.

This Final Report deals with the progress that has been made in
this effort and dwells on two major topics. The first is the material
characterizatioa per se. It includes :he determination of the time
response of the material to holographic stimulation, a discussion of the
sensitivity and of *“he methods used at RCA to improve it, of the depen-
dence of the holographic efficiency on recording angle, and of the noise
characteristics. The second part digculses the systems requirements and
limitations and uses the result of the time response analysis and the

noise measurements to predict the performance of a read-write holographic

e —
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storage system using iron-doped LiNbhOj3., The predicted performance 1s
verified experimentally by m .ns of measurements in a simulated read-
write memory environment.

This work demonstrates that the sensitivity of lithium niobate
doped with iron has been increased reproducibly by a factor of about 40,
and that the noise characteristics have also been improved. It also
indicates that a holographic read-write memory with a cycle time of
about 60 ms and a high signal-to-noise ratiov is row feasible with this
material. Although this cycle time is still too low for a practical
system, it does represent a two-order-of-magnitude improvement over

earlier prototypes (ref. 4).




11. MATERIAL CHARACTERIZATION

A. Time Dependence of Holographic Storage and Erasure

In an effort to characterize the iron=-doped lithium niobate
(LiNbOy:Fe) samp.es, some ¢ the most important questions that must be
answered are: For a giveu nolographic illumination, how much time does
it take for the diffraction efficiency to reach a certain value? How
does that time depend on the illumination level? What is the time con-
stant for erasure? What determines the material's optical sensitivity?
What parameters must be manipulated chemically in material preparation
to improve cthat sensitivity? The answer to those questions lies in the
rigerous analysis of the complete space-time development of holograms
under writing und erasing illuminations.

When exposed to light, a number of electrooptic ferroelectric or
photorefractive materials exhibit refractive index changes (ref. 6).
These changes are attributed to electrouptic effects due to the storage
of electric fields (ref. 7) in the material as a result of the optical
expusure, For very intense light (of the order of several Hlnnz) the
stored electric field is the rcsult of macroscopic polarfzation changes
in the material due to nonlinear absorption (ref. 8). For light ot
moderate intensities (less than a few hundred mwlnnz) the mechanism of
electric field storage is that of space-~charge migration (refs. 7,9).
It is this space-charge model that applies to holographic storige in
read-write memory systems of the type under study in this work. In this
model electrons are excited from impurity traps by the incident radia-
tion and, upon migration, are retrapped at other locations, giving rise
to a frozen-in electric field. The latter induces refractive index
changes via the electrooptic effect. In undoped crystals the traps are
provided by smail traces of impurities. In doped crystals, the dopants
act as donor-acceptor traps via intervalence exchanges such as
Pez+ 3+

#« Fe  in LiNbO3:Fe (ref.. 5,10). In gencral, the migration of
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charges occurs under the combined influence oi diffusion and an ele:tric
field., The electric field may be internally generated or externally
applied. Although the space=-charge field can have arbitrary dire tions,
only the component along the optic or c-axis is of most interest to

holographers because of the relative size of the r electrooptic co=-

33
efficient compared with the other coefficients (ref. 11). This field
causes a change to occur mainly in the extraordinary refractive index
withc at affecting the other optical properties of the material. This

refractive index change Ane is given by (ref. 12)

13
Ane -3 0, r33£.. (1)

where Ne is the extraovdinary refractive index, iy is the third
diagonal component of the electrooptic tensor, and E. the stored elec-
tric f'eld along the ontic axis. When the illumination is spatially
periodic, [s is also yoriodic and the refractive index pattern is the
hologram.

The stored electric field under spatially periodic illumination,
as in hologram formation, has been calculated from the space charge
model (ref., 13). The results from ref. 13 that apply to the subject of
this report are summarised below. When the medium, oriented as shown
in Fig. 1, is ‘lluminated by beams I1 (object) and I2 (reference) at
the incidence angles + 6, respectively, the total illumination 1, as a

function of rhe z=-coordinate, is given by
I{z) = Io (1 + m cos Kz), (2)

where Io‘ls the sum of the intensities I1 and 12. m = 2/1112/10 is the

modulation inuex, and K is the angular frequency, given by

K = -"-§ sin 0, (3)
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Figure 1. Setup for recording holograms in LiNbO, crystal.

3
where A is the wavelength of the incident light. It is assumed that the
lifetime 1 of the photoexcited electrons is much shorter (of the order of
10-11 8) than the dielectric relaxation time. The lifetime is given by
(refs. 14,15)

N VS’ (4)

where Ne is the density of empty (or acceptor) traps in the material,
V the thermal velocity of the electrcons, and S their capture cross sec-

tion. The dielectric relaxation time To is given by

’ (5)

where ¢ is the dielectric constant, n, the average concentration of the

photoesa. ‘ed electrons, q the electronic charge, and y the mobility. It




is al)so assumed that the migration length L. (Average distance travelled

during a lifetime is such that KL << 1; from ref, 13 this is true for 6

less than about 23°.) Under those conditions the electron concentration

n is just the product cof the lifetime and the generation rate g, i.eo,.

n= 1g,

where (ref. 9)

oN

g " ;;L 1(z),

(6)

(7)

and where o is the absorption cross section, Nf is the density of filled

(or donor) traps, h is Planck's constant, and v is the optical frequency.

It is convenient to write Eqs. (6) and (7) as
n=n (1 + m cos Kz) = non(z),

wiere

is the average concentration discussed earlier, and where
n(z) = 1 +m cos Kz.
The current density is

Jd = ano Vn(z) + q non(z)g.

(9)

(10)

(11)

where D 1s the electrons' ditfusion constant, and E is the total elec-

tric field, equal to the sum of the ctored field E_ and of any dc field
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Ea that may be applied or that may exist within the material, In ref, 13

it is shown that when all this information is substituted into the con~

tinuity equation

ok
Veld+ ¢ ( ) = 0, (12)

- ot

the magnitude of stored electric field (in the z=direction) is

Es(z,t) = ;%;T Emax ;1 - exp[-n(z)t/To'f sin(Kz - ¢), (13)
where
i 2 1/2
. - kT 2
hmax I_(K q ) + Ea] (14)
- qE
¢ = tan l(x k"T) , (1%)

and where k is Boltzman's constant, T is the absolute temperature, .ud
Ea is assumed tc he slong the z-axis. Due to the factor n(z) in the
denominator and in the e. .onential, Eﬂ contains several harmonics. How-
ever, when the object consists of a large number of light spots at dis-
crete locations, the light from each spot or bit creates an illumination
in the form of Eq. (2), with m << 1, and Eq. (13) reduces to the simple

sinuvunid
Es(z,t) =m Emaxll - exp (—t/To)] sin (Kz - ¢). (16)
This field can be permanently "fixed" in the material (ref. 1€).

1¥ no fixing is done, then upon constant illumination the stored elec-
-ield is erased. If the initial value is Eo(zf. the field decays

Es(z,t) = Eo(z) exp (—:iTo). (17)

T R TSRO R e et M
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As mentioned earlier, the stored field gives rise to a refractive
index change [Eq. (1)) which constitutes a phase hologram or grating.
The hologram of an arbitrary object or of a distribution of puint sources
is a superposition of the individual gratings made by the interference
of the reference beam and the point sources constituting the object.

For read-out, the hologram is exposed to the reference beam alone,
polarized extraordinarily, in order that its propagation be affected by
Ane. Since the hologram®s thickness is of the order of 1 mm, equivalent
to about 2000 optical wavelengths, and since the refererce beum is at
the Bragg angle, the diffracted light is a reconstruction of the object
beam. The diffraction efficiency n, for negligible absorption, s given

by (ref. 17) 11?.|An |
n = sin® (——‘) ! (18)

A cos 6

where £ is the hologram's thickness. In practice the absorption con-
stant a is nonnegligible, and if it is considered uniform, the effi-
ciency is reduced by a factor of exp (-2 a £). Moreover, the quantity
in parentheses in Eq. (18) is often much less than n/2. This gives

L | m¢|an] .
n = * con 6 exp (=2 a ). (19;

The eff.ct of the absorption can severely limit the efficiency. For
example, if a is large, differentiation of Eq. (19) with respect to %
shows that the optimum thickness is 2 = 1/a and that the maximum effi-
clency is 14%. It must be notad that if the hologram is not fived,
reading it ovt will also erase it, a desirable feature for short cycle

time in read-write applications.

B. Optical Sensitivity

It follows from Eq. (16) that for m << 1 the relaxation time To'
which is the time constant for the decay [Eq. (17)] of the stored field



of the hologram, is also the time constant for its buili=-up. It is in-
versely proportional to the illumination. By combining Eqs. (4), (5),
and (9) we find

To - C/lo, (20)
where
N
chwVSs [0
o quo Nf » (21)
and where Ne/Nf is the ratio of the empty traps to the filled traps.
In LiNb03=Fe chis ratio is that of the Fe3+ to the Fe2+ concentrations.

We not*. that for a given sample, C is u constant that is proportlional
to th ratio of empty-to-filled trap concentrations. The smaller C,
the smaller To for a given illumination and the faster the build-up or
erasure of a hologram. It is thus appropriate to designate C as the
parameter that represents the sensitivity of a sample. Its units are
that ot energy density (if Io is in mwlmmz, then C is in mJ/mmz), and
it can be obtained experimentally by measuring the decay time constant
of a hologram using a known u.iform illumination., Indeed, the stored

=t/T . ~1ot/C

field decays as ¢ , and the holographic efficiency n de-

cays from an initial value n, as the square of the field, i.e.,

~2Lpt/C (22)

n/n, =
A comparison of the value of C for dufferent samples is in fect a
comparison of their respective sensitivities. This is the procedure
that has been used, together with the measurement of the peak efficiency
and the dark storage time constani, to evaluate the suitability of the
iron-doped lithium niobate samples prepared under this contract for
read-write applicatjons. This parameter C has also been used to obtain
expressions for the write and erase times (cycle time) of holographic

memories.

10
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C. Improving the Sensitivily of LlNhOJ:Fe

The most important aim of the work to improve the sensitivity of
our samples involves two points: Developing procedures in material
preparation that will minimize C and developing techniques . hat will
make the procedure reproducible. The highest sensitivity is obtained
when the crystal has a low overall iron concentration and is treated so
that all but about 10% of the iron is reduced to the divalent (Fe2+)
state, the rest of the iron remaining trivalent (Fe3+). That this
criterion is correct can be verified from the expression for the sensi-
tivity parameter C [Eq. (21)], and from the exrression for the diffrac-
tion efficiency [Eq. \.-,; -.n the presence of a ‘orption. Indeed,
because C is proportional to the ratio of Fe3+ to F92+ concentrations,
the smaller the rat.io, the smaller C, i.e., the higher the sensitivity.
However, since the absorption of the material is determined by the Fez+
concentration, excessive absorption would seriously reduce the diffrac-
tion efficiency; hence, the need for the overall absorption to be low.

Two procedures have been employed to reduce the Fe3+ concentration
to low levels. In the first, crystals are annealed in argon at a
temperature near 1100°C, then are cooled rapidly to room temperature.
In the second, they are annealed at 550 to 600°C while packed in

powdered L12C0 in an air or oxygen ambient. In addition to providing

crystals to Lsz in the holographic memory research program, the materials
study portion of this contract has been aimed at determining whether
either of those methods could be developed to produce low Fe3+ concen=-
tration crystals with predictable chavacteristics on a reproducible
basis. The problem anticipated for each approach can be summarized
briefly as follows.

When iron-doped crystals are annealed in argon, the Fez+ concen-
tration reaches a high value. However, the Fe2+ reoxidizes as the
temperature is lowered, making it difficult to retain more than roughlv
50% of the iron in the divalent state. If the crystals are cooled

o
rapidly from the anneal temperature, more Fe2 is retained, and this

11



"quenched=in" concentration is stable at room temperature. The amount
of l"ez+ retained depends on the cooling rate, which {n turn depends on
the size of the crystal, its placement in the furnace tube, and other
variables that are difficult to control.

On the other hand, annealirg of iron-doped crystals in powdered
L12C03 produccs reduction of the iron by virtue of lithium ions diffusing
into the crystal., This occurs at a comparatively low temperature (500
to 600°C), and the Fe2+ concentration thus produced is i dependent of
the cooling 'ate. However, relatively little is understood about this
process and two questions in particular had to be investigated: First,
are crystals produced in this manner equivalent to those produced in
argon in terms of storage characteristics? Second, how does the Fuz+
concentration thus prodiuced depend on the temperature and time of
anneal? in addition, a third problem arises due to increased thermal
erasure of L12C0 -reduced crys'als. The work to be described was per-

formed on slicesgof a l..'I.NbO3 crystal doped with 0.002% Fe pirchased from
Crystal Technology, Inc. The slices were oriented to lie in the x-z
plane. The doping was chosen so that heavily reduced crystals of a
convenient thickness (V“2.1 mm) would absorb 1/2 to 3/4 of the incident

light at 4880 X.

1. Sample Preparation by Argon Annealing. - It is estimated that

the cooling rate necessary to "quench-in" about 90% of the Fe2+ popula=-
tion in argon-reduced crystals would be on the order of 10°C per second,
limited by heat loss of the samples and of their support structure. Two
experiments were performed to define the degree ol difficulty to be en-
countered in this approach. In both cases, crystals were placed in a
1.25=in. ID quartz tube furnace and annealed at 1100°C for 16 hours.

In the first case, samples were placed in a platinum foil-lined alumina
boat. At the end of the anneal, the entire quartz tube assembly was
pushed out of the furnace and allowed to cool in the air. In the second

experiment, a crystal was supported only by platinum foil. When the

12




quartz tube ".as pushed out of the furnace after the anneal, it was cooled
very rapidly with water.

The optical absorption of the two crystals is shown in Fig., 2. The
air-quenclied crystal has only about 65% of the absorption of the water-
quenched crystal., The diffraction efficiency of holograms written in
the water-quenched crystal is extremely small, of the order of 10-22.
This indicates that there is essentially no Fe3+ in the crystal. The
optical absorption of the air-quenched crystal, on the other hand, in-
dicates that only 65% of the Fe is Jivalent, the rest presumed to be
trivalent. Since this relative concentration of Fe3+ to Fe2+ is not
optimum, it would be necessary to build an apparatus that would give a
cooling rate between that of th- water-=quenching and the air-quenching.
This approach was not pursued, however, in view of the excellent results

obt «ined by the Li,CO., annealing process descrived below.

2 3

2. Sample Preparation by L12993 Treatment. - The procedure for
L12003 sample preparation is to bury one or more unpolished crystals in

powdered Lich contained in a small platinum crucible. The crucible

is then heatedjin an oxygen atmosphere. The temperature is monitored
independently of the contrcl thermocouple by means of a second thermo-
couple placed at the top of the crucible. At the end of the anneal the
Lizco3 powder is discarded and the crystals are polished.

It is generally known that heavy coloration of the crystals would
take place in the 500 cto 550°C temperature range. However, insufficient
information was available as to whether the reduction of crystals
treated at the low end of this temperature range would reach equilibrium
at some predetermined level Lelow 100%, reduction influenced only by the
temperature. To provide an answer to this question, crystals were an-
nealed in L12c03 for varying times and temperatures. A sample annealed
at 554°C for 60 hours was found to have absorption quite comparable to
the water-quenched argon-annealed szmple described earlier. This sample

is assumed to be close to 100% reduced. However, other samples prepared

13
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Fizure 2. Optical absorption of LiNbOj:Fe (0.005% Fe) annealed
in argon and quenched (a) in water, (b) in air. The
water=quenched crystal is fully reduced. The air-
quenched crystal has about 65% of Fe as Felt,

at lower temperatures (486° to 500°C) have less absorption ((or.espond=
ing to 85 to 90% reduction) even after extended anieal times. This in-
dicates that the L12C03 process can be used tc rantrol the F92+ to FeJ+
ratio in the 85 to 95% region on an equilibrium basis; this is an im-

portant point that signifies that the process is amenable to close con-
trol and high reproducibility. The absccption data for a representative

selection of crystals are shown in Fig. 3.
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Figure 3. Optical absorption of LiNbO3:Fe (0,002%)
annealed in Li,C03. Samples (a), (b),
and (c¢) are annealed at 485°C for 23
hours, 48 hours, and 82 hours, respec-
tively., Sample (d) is annealed at 554°C
for 60 hours (fully reduced).

Table I is a summary of the characteristics of several samples
prepared according to the two procedures. The argon-annealed water-
quenched sample and the 554°C L12003 samples, which are presumed to be
fully reduced (100X Ye') did not store holograms with measurable dif-
fraction efficiency. The air-quenched argon-reduced sample shows good
sensitivity with C = 2,2 mJ/mm2 and extremely long dark storage time
constant (100 days). By comparison, a typical sample with 1% iron and
15% reduced, made pr-ior to the development of either reduction tech=-

nique , had C = 65 uU/mmz. The most sensitive sample is the 48-hour,
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Table 1. - Summary of LiNbO,:Fe Preparation
and Characteristics.

*
Preparation Optical Dark
Percent Density C.* Storage
Time 24 2 Time
Anneal Temp., (hr) Methed Fe at 450 nm  mJ/mm Constant
1100°C=Ar 60 Water quench 100 0.48 - -
1100°C=Ar 23  Air quench 65 6.3 2,2 100 days
554°C 60  1L1i,C0, 100 0.44 - -
485°C 82 B 88 0.39 2,64 >100 hr
485°C 23 " 717 0.34 2.1 »400 he
485°C 48 " 86 0.38 Y73 »100 hr
500°¢C 90 " 90 0.40 - -

*Argon anneal samples, 0.005X Fe; Li)CO4 annealed samples, 0.002% Fe.
**By comparison, a sample with 0.1Z iron having 15% of Felt has
C = 65> mJ/mm?,

485°C L12003~reduced sample. It has a sensitivity of 1.76 mulnmz, an
improvement by a factor of 38 over the earlier 0.1% Fe sample. The
LiZCO3-reduced samples have a shorter dark storage time constant than
the argon-reduced samples. The explanation of this is not known at the
present time. We also do not know the explanation for the fact that the
500°C sample annealed for 90 hours would not store holograms, in spite
of the fact that it does not appear to be 100% reduced. One can pos-
tulate however, that the conductivity of the samples continues to build
up duriang L12003 reduction even after the Fe2+ concentration has reached
equilibrium. Thus, the crystal annealed for 90 hours had too much cun=
ductivity for a significant field to build up during hologram formation.
Figure 4 shows a comparison of the write-erase characteristics of

holograms made in the 0.1%Z Fe-doped lightly reduced (15%) crystal and
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Figure 4. Comparison of write-erase characteristics of
different LiNbO3:Fe crystals. Dashed curve:
heavily doped, lightly reduced; solid curve:
lightly doped, heavily reduced in LIZCO3.

in one of the L12CU3—reduced samples. The 0.1% Fe-doped sample, which
2

has a value of C = 65 mJ/mm”, is slow to erase but is capable of high
diffraction efficiency (dashed curve). On the other hand, the 0.002%
doped crystal (solid curve), which is 86% reduced with C = 1.7 mJ/mmz.

has a much lower saturation efficiency but requires less than 2 mJ/mm2

to erase significantly. The low efficiency is due to the absorption of

+
the Fe2 . It was also found that the optically induced scattering noise

present in the 0.1% doped crystal does not exist in t.e lightly doped
crystal reduced by either process. This fact has been observed in all

the samples that exhibit low diffraction efficiency.
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3. Experiments with Reduction in Other Powdered Salts., - We also

explored the possibility of using powdered salts other than Li, to
perform the heavy but incomplete reductions required. Two Bﬂl;h 1
particular were tried, L125103 and N.2C03' The latter was of particular
interest because reduction via sodium ions might be expected to produce
somewhat different properties than lithium reduction, an. perhaps lead
to longer dark storage times., The absorption curves produced by the
longest anneals in each of these salts are shown in Fig. 5. For com=
parison we also show a 100% argon-reduced crystal. Although reduction
in these salts yields the expected F32+ absorption spectrum, the frac~-
ticu~l conversion to Fez¢ is relatively small., The hologram storage
sensitivity of these crystals was very low, as would be expected for
crystals with large Fe3+ concentrations.

Although the optical absorption produced by annealing in 1125103
and Nazco3 was continuing to increase, the time that would have been
required to approach 90% reduction was prohibitively long and sc this

line of investigation was stopped.

D. Spatial Frequency Response

The spatial frequency response is a plot of the holographic effi-
ciency vs recording angle expressed in spatial frequency, at constant
recording energy and modulation index. This response determines the
allowable range of spatial frequencies for the page compoger and the
uniformity of the output signal. In the absence of the applied field
Ea (a practical consideration in the design of a system), Eqs. (13) and
(14) predict that the stored ficld is proportional to K which, according
to Eq. (3), is proportional to the sine of half the recording angle,
i.e., K= (41/2) sin 0. The efficiency, according to our theory, is
thus proportional to Kz. However, the theory is valid only as long as
the electron pattern remains a replica of the illumination, without
/2 (kT u1/q)1/2

the electrons in the material, the K2 dependence will be true as long

smearing out. If L = (ut) is the diffusion length of
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Figure 5, Optical absorption of LiNbO4:Fe (0.002% Fe)
annealed in saits other than Li,CO.,. (a) In
NapCO0q = annealed at 570°C for 90 hours,
(b) in Li75103 - annealed at 570°C for 80
hours, and (c) fully reduced LiyCO4 sample
(as reference).

as KL << 1, For larger values of K the holographic efficiency will fall
off as a result of the smearing of the electron pattern. The spatial
frequency response is shown in Fig. 6 as a plot of holographic effi-
ciency vs the spatial frequency f = K/27 lines/mm. For each aata point

3, and the modulation index is unity. The

the recording is 2.3 mJ/mm
value of C for the sample is 2.2 mJ/mm2 and the thickness is 1.7 mm,
The expected K2 dependence is shown to exist up to a spatial frequency

of f ¥ 1600 lines/mm, corresponding to 6 ¥ 23° or K = lOa per mm,
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Figure 6, Spatial frequency response of LiNbO4. In an
optical memory, the "turning point" is the
optimum location of the page composcr.

followed by a roll=off approximately as (lll()z. A calculation (ref. 18)
using p ¥ 16 cmzlv-s and 1 ¥ 4 x 10-“
KL = 0.4 at the "turning point". The roll-off above the turning point

s gives L ¥ 4 x 10-5 mm and

is consictent with a theory by Young and co-workers (ref., 18) for the
initial time development, in which the restriction on the migration
length is removed.

From a systems viewpoint the "turning point" irdicates the optimum
spatial carrier frequency or location of the page composer, for oaly
around that point is the storage medium's respense essentially flat over
some spatial frequency bandwidth. For the sample under discussion, the
half-power response is from 1350 lines/mm to about 1900 lines/mm

centered at 1600 lines/mm.,
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E. Noise Characteristica

In the read=out of an optical system, any undesired light falling
upon the photodetector array tends to reduce the image contrast and
can be crnsidered as noise, In lithium niobate, in addition to the
usual nolse due to scattering from imperfectionr in the crystal, there
is often an optically induced scattering (refs, 19, 20) that builds up
negligibly initially as a function of eaposure, then rises rapidly as
a fourth power law of the exposure. This behavior is illustrated in

Fig. 7. In the so-called "static" region the noise contribution is
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Figure 7. Plot of the ratio of scatterud light to incident
light intensities as a function of exposure for
a 0.1% Fe-doped LiNbOj3 crystal. After an exposure
of about 1 J/cm? the induced noise builds up as the
fourth power of the exposure.



mainly from the usual scattering process., The induced noise appears
only at nig. exposure. It is accompanied by distortion in the trans-
mitted bean and exhibits the same properties as the holograms made in
the sample: gr-wth with exposure, angular sensitivity, polarization
dependence, etc, The experimental eviience indicates that it is the
result first o' a gradual bending of part of the refereace beam fol-
lowed by the int :«rference between the bent and unbent portions of the
reference beam, The ray bending is due to optically induced local in-
dex inhomogeneities due to the possibly nonuniform cross section of the
beam. The interference pattern is then recorded as a hologram, Ex-
perimentally, this scattering is found to occur only in samples capable
of high diffraction efficiency. This optically induced noise does not
seem to appear in the materials having improved sensitivity. 't aust
be noted that the saturation efficiency of those materials is usually
low, of the order to a few percent, possibly due to the effect of ab-
sorption. Thus, for all practical purpouses, only the static unoise is
present in those samples.

The Wicner noise spectrum for a typical L12C03-reduced sample is
shown in Fig. 8. A conparison of the Wiener noise at 1000 liies/mm for
several materials (ref., 21), including L12003-reduced iron-doped lithium
niobate, is shown in Table 11. It is scen that LleO3 compares well
with dichromated gelatin (DCG) (used as a reference) ai| may have a

slightly better noise characteristic.
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Figure 8. Wiener noise spectrum of a typical LiNbO3:Fe

crystal reduced in L12003.

Table 11, - Comparison of the Wiener Noise of LiNb03:Fe and of
Other Storage Media at 1000 lines/mm,

Wiener Noise Relative with
Material at 1000 lines/mm Respect to DCG
DCG (Dichromated gelatin) 8 x10"10 1.0
Kodak 649F at 50% Transmission 8x10™2 100
Afga 10E70 at 50%Z Transmission 2.5:(1(')“8 31
Bleached Kodak 649F 9x10™° 112
L1,C0, = Reduced LiNbO,:Fe sx10710 0.625
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111, SYSTEMS CONSIDERAT1ONS

A. Basic System

The basic configuration of a holographic memory (ref, 5) is shown
in Fig. 9. It consists of a laser source, a deflection system, a holo~-

lens, a page composer, the storage medium, and a detector array. The

Vo N\

\
/snen READO! T
POLARQER PAGE LENS
POSE
— - s
— el — — —
// HOLOLENS 1 ::oroosrecmn
OBJECT BEAM STORAGE
DEFLECTED
LASER BEAM LENS MEDIUN

Figure 9. Schematic o’ a read-write holographic
memory from Ref. 23.

deflection system consists of two acoustooptic deflectors at right angle
with respect to each other with a resolution of 100 to 1U00 positions
each (total capacity of 104 to 106 bits) and with access time of 2 to

10 us. The hololens is a holographic optical element .hose input is

the light from the deflector and whose output consists of the reference
beam, which is directed toward the storage medium, and a cluster of 103
to 10“ low-intensity beams directed toward the page composer. This
page composer (ref. 22) is an array of electronically controlled ligint
valves that modulate the cluster of beams in a binary fashion (ON = "!"
OFF = "0"). Its output and the reference beam are focussed to a l-mm
spot at the addressed location on the storage medium. With a 106

position deflector and a 103 bit page composer, the capacity of such a
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page-oriented memory is 109 bits. The hologram is written=in by the
application of the reference beam and the object beams from the page
composer, and it is read out by the application of the reference beam
alone. The output lights are converted to electrical signals by the
photodetector array. In a read-write system the read-out is destructive,
and the hologram must be rewritten before a new address is given to the

def lectors.

B. Storage Medium Requirements

The storage medium is the most important component of the systems.

It must have the following characteristics:

1. High Resolution Capability. = Since holographic recording in-

volves high spatial frequencies, che resolution capability of the storage
medium should be at least 1000 lines/mm.

2. Acceptable Dark Storage Time. - Present-day computer systems
use a hierarchy of memories ranging from the small, fast and velatile

semiconductor devices to the very lerge, slow and permanent tape
machines. Data or programs are transferred in blocks from the slow,
high-capacity units ter the fast, smaller-rapacity units for processing,
and are later returned to the former devices. Thus, the storage ability
of an active memory need not be permanent. In optical read-write
memories the actual storage time would be determined by their ultimate
place in the hierarchy. Depending upon usage, an acceptable storage

time may range from a week tc several months.

3. Acceptably Short and Equal Write and Erase Times. - The access

time of core memories is of the order of 0.4 us and that of discs is
about 3 ms. At pre.ent optical memories tend to be slower, but since
the informatiu.. is stored in the form of blocks or pages containing 103
to 104 bits, some speed compromise can be tclerated. An acceptable
speed should be of the order of a few milliseconds per page and should

be approximately the same for both writing and erasing.
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4. Reversibility. - The material should be reversible in the sense

that a hologram should be erasable upon illumination. 7This implies that
the read=-out with the reference beam must be destructive, just as in
core memories. However, to retain the information a rewrite step must
be included in th¢ memory cycle. This situation is acceptable if the
writing speed is high enough, i.e., if the storage medium is sensitive

enough, 8o as not to increase the cycle time beyond practical limits.

5. Low Noise. = Due to the transmission losses through the optical
componente, the amount of light reaching the storage medium is of the
order of 5% of the laser output, The storage medium may contain light-
scattering structures that may broadcast light over the photodetector
array and reduce the signal-to-noise ratio of the system., This "noise"
introduced by the storage medium limits the system's capacity.

Although several materials have been studied as potential storage

media for holographic memories, iron-doped LiNbO, is particularly suit=-

able because it has the above characteristics to3a large extent. The
major drawback is still insufficient sensitivity to make a practical
memory. However, it ie very promising because of its ease of prepara-
tion and because of the possibility that its sensitivity can be further

improved.

C. Components Limitations and Projected Performance

In a typical optical memory the efficiency of the deflection system
(about 20 to 25%) and the transmission and reflection losses through
the various optical components are such that only about 5% of the total
light reaches the storage medium. From a 1-W laser, only about 50 mW
of light is available at the storage medium for writing and reading-
erasing. About 10% of this amount (the hololens output) is split into
the individual beams to be coded by the page composers and to be stored

holographically in the storage medium. For a page composer size of 103
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bits, the reference=-to-object beam ratio for each bit is 104, taking
into account the effect of the hololens, and the modulation index is

m = 0,02, The important quvstion is: with only 50 mW of total light
available at the storage medium, what is the write-erase cycle time
that can be expected in a memory made from the improved material?
Also, since the modulation index m is small, and the holographic effi-
ciency is proportional to its square, the efficiency per bit is ex-
pected to be small., Then, with a writing time short and equal to the
+ '1se time, with the low light level and low modulation index, will we
get a signal high enough at the detectors to have reasonable error
rates?

To answer these questions from the available theory and verify
them experimentally, let us define a suitable erase time TE as the time
required with the available light to erase a hologram to one-tenth of
its initial value. From Eq. (22) the erase time¢ thus defined is ob-
tained by writing

0.1 = exp (-2 IOTE/C) = exp (=2 TE/TO)' (23)
This glves

TE = 1.15 To = 1,15 Cllc' (24)
To estimate the amount of light per bit at tae photodetectors we
note that, if the writing time TH is made equal to TE' the hologram
efficiency reaches about four-tenths of its saturation value in the
time Tw. Due to the absorption of the heavily reduced samples and thoir
required small thickness, the measured saturation efficiency in our
samples for m = 1 is of the order of 0.03. With m = 0.02, the effi-
ciency per bit is then %10-6. Assuming that a total 50 mW of light is
available to make the holograms and that the hologram diameter is 1 mm,

we obtain Io = 64 mW/mmz. With a typical LiNb03:Fe sample having
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C=1.7 mJ/mmz we obtain 30 ms for TH and TE' and 50 n¥W per bit at the
photodetectors, This amount should be easily detected with a well-

designed photodiode and sense amplifier system,

D. Memory Simulation

The setup of Fig. 10 simulates a memory with the parameters that
have just heen described. The hololens with 10%Z etriciency is repre=-
sented by a 10:1 beam splitter; a 103 bit page composer is simulated by

MIRROR A\/2 PLATE COLLIMATOR ARGON LASER

A .
g - A* 4880A

U

SHUTTER

PAGE COMPOSER

(N.D. =3 FILTER) LiNbOy Fe

STORAGE MEDIUM

SCOPE TRIG.
HOLOLENS

(101 REAM SPLIT s v0

[J—» FILTER-AMPL.

REF BEAM AXIS Imms(:rons

Figure 10, Simulation of the light levels in a page-oriented
read-write holographic memory with 103 bits per page.

the neutral density filter having a transmission of 10-3. This gives
the desired 104 beam ratio between the reference and object beams for
each bit in a page. The light source is the 488-nm line of an argon ion
laser., We adjust the laser output and use some optics to obtain a

total light of 50 mW on a l-mm-diameter spot on the storage medium. To
improve the detector signal-to-noise ratio, we used differential detec-
tion with two PIN diodes and a band-limited high gain differential

amplifier., The detection sensitivity of the system was about 10"11 W.
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bit, or a diffraction efficiency of about 10~ ',

Y Although the detected

light is small, the signal-to-noise ratio is very nigh, of the order of

27 dB, clearly demonstrating the feasibility of the system,

Table 111

contains a complete set of experimental data for the simulated memory.

Wavelength

Storage
Med ium

Hologram
Diameter

Hololens
Efficiency

Page
Composer

Yeam Angle

30

Table II1. = Optical Memory Simulacion Data

4880 R

Fe-LiNbOj
(C=1,7mJ /mm?)
1 mm

10%

107 bits

20° (800 lines/mm)

Reference Beam 47 mW (60 mHInmz)

Materia! Relaxa-

tion Time 26 ma
Write or Erase 30 ms
Time

Systems 1.3 x 10-11 W
Sensitivity

Sense Signal .25 x 100 W

SNR(with differ- >27 dB

ential detection)



IV, CONCLUSIONS

Holographic memories can be viable if their speed can be made com-
petitive with other systems of comparable capacity. The major component
affecting the speed is the storage medium, Photorefractive materials
are potential candidates for the role of storage media, but their sensi-
tiviiy is generally low. However, the sensitivity of lithium niobate
doped with iron can be controlled by heavy chemical reduction of lightly
doped samples, The most practical method of chemical reduction involves
annealing the crystal in the presence of a powdered salt such as lithium
carbonate. This has yielded an improvement in optical sensitivity by a
factor of about 38. The improvements have made it possible to evaluate
the possible performance of a read-write memory using this material. Re-
sults on a simulated system indicave a cycle time of 60 ms with a high
signal-to-noise ratio. Although still too slow for a practical system,
this represents an improvement of two orders of magnitude over the per-

formance of earlier experimental prototypes (ref. 5).
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