Thermal fixing of 10,000 holograms in LiNbO,:Fe

Xin An, Demetri Psaltis, and Geoffrey W. Burr

We discuss thermal fixing as a solution to the volatility problem in holographic storage systems that use
photorefractive materials such as LiNbO;:Fe. We present a systematic study to characterize the effect
of thermal fixing on the error performance of a large-scale holographic memory. We introduce a novel,
to our knowledge, incremental fixing schedule to improve the overall system fixing efficiency. We
thermally fixed 10,000 holograms in a 90°-geometry setup by using this new schedule. All the fixed
holograms were retrieved with no errors. © 1999 Optical Society of America

OCIS codes: 090.0090, 120.6810, 210.4680.

1. Introduction

Volume holographic memories that use photorefrac-
tive materials have attracted interest because of their
potential in high-capacity storage and fast parallel
readout. After the successful demonstration of the
storage capability and high-fidelity retrieval of 5000
holograms in a LiNbOj:Fe crystal,! significant
progress was achieved toward the development of a
practical memory system.23 The volatility of the
stored data is a serious impediment to the practical
realization of photorefractive holographic memories.
The same charge excitation and transport mecha-
nism responsible for the writing of holographic grat-
ings also erases them on further illumination, leading
to the loss of stored information during readout.
Amodei and Staebler found that optically stored ho-
lograms in LiNbOj:Fe could be stabilized against
readout by heating the crystal during or after the
writing process to higher than 100 °C, followed by
illumination at room temperature. They proposed
that, at high temperatures when ionic conductivity
dominates electronic conductivity, the light-induced
space-charge distribution is compensated by ionic
space-charge of opposite sign. At room temperature
the ionic conductivity is quite small compared with
the photoconductivity of the electrons. Therefore
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the ionic replica of the holographic gratings remains
nearly intact, and the stored information can be read
out without erasure. Bollmann et al.> suggested
that OH ™ ions that enter the crystals during growth
were likely to be responsible for thermal fixing. The
presence of these ions can be detected by their optical
absorption at approximately 2.87 um. Vormann et
al.b confirmed the importance of the OH™ concentra-
tion in the fixing process but identified the associated
H™ protons as the mobile ions. This finding was
further corroborated by Klauer” in 1991.

Theoretical models have been developed to describe
the formation of thermally fixed holograms in
LiNbOg (Refs. 8—11) on the basis of a set of equations
similar to those first put forward by Kukhtarev.12
Thermal fixing can be carried out in one of two ways.
The first consists of three steps—recording, heating,
and revealing. During holographic recording, illu-
mination by spatially varying intensity patterns
causes photoexcited electrons to migrate under vari-
ous transport mechanisms and become trapped at
different acceptor sites, resulting in a spatially mod-
ulated charge concentration that is a replica of the
exposing light pattern. This generates a space-
charge field that, in turn, gives rise to spatial modu-
lation of the refractive index of the material by means
of the electro-optic effect. After recording, the crys-
tal is heated, and the protons become mobile. Field-
induced proton migration compensates the spatially
varying electronic charge distribution. In the re-
vealing process the crystal is cooled down to room
temperature and illuminated by uniform light. The
electronic gratings are partially erased, leaving a net
space-charge field that is stable against further opti-
cal erasure.

In the second scheme holograms are recorded in
the crystal at elevated temperatures. Stabler et
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Fig. 1. Experimental setup for thermal fixing. SLM, spatial
light modulator; PBS, polarizing beam splitter.

al.’3 reported that strong gratings with little noise
can be recorded in this way. A disadvantage of this
method is that, when the revealing process is carried
out at lower temperatures, the fixed holograms suffer
from distortion caused by thermal contraction and
change of the refraction index of the material.14 Us-
ing both methods has demonstrated fixing of multiple
holograms in LiNbO4:Fe.13-15

In this paper we present an experimental charac-
terization of the effects of the thermal-fixing process
on system error performance. We show that, when
more than 1000 holograms are stored, the loss in the
signal-to-noise ratio (SNR) that results from the fix-
ing process is a major obstacle to the practical real-
ization of mnonvolatile, large-scale holographic
memories. We present and experimentally demon-
strate a novel incremental fixing schedule that im-
proves the overall fixing efficiency. We demonstrate
experimentally that, for 10,000 fixed holograms, this
new fixing method yields a SNR that is better than
that obtained when we simply record and evaluate
10,000 unfixed holograms.

2. Thermal Fixing of Multiple Holograms

The fixing efficiency mgy,, is the portion of the
strength of the original hologram attained after the
revealing process. Numbers ranging from as low as
Nfixing =~ 1075 (Ref. 10) to as high as 70% (Ref. 16)
have been reported. Most of the reported data are
from single-hologram fixing experiments. We used
an experimental setup with which we have demon-
strated large-scale holographic storagel?-18 to carry
out a systematic study of the thermal-fixing efficiency
and error performance that can be obtained when a
large number of holograms are superimposed. A
system diagram is shown in Fig. 1. This system
stores as many as 160,000 holograms by use of angle,
fractal, and spatial multiplexing. In the fixing ex-
periments, we stored as many as 10,000 holograms at
a single location. The crystal is 0.015% Fe-doped
LiNbOg with dimensions of 2 cm X 1.5 cm X 4 cm.
The ¢ axis was cut for 90° geometry at 45° to the
illuminated faces. The crystal was placed 656 mm
beyond the focal plane of the Fourier transform lens
in the signal arm (a focal length of f,;; = 200 mm) for
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Fig. 2. SNR degradation with thermal fixing.

Fresnel plane recording. The images to be stored
were all binary random-bit patterns. Each pattern
consisted of 25 X 80 bits that were displayed on 480 X
440 pixels on the input spatial light modulator. The
reconstructions were captured by a cooled scientific
CCD camera and transferred to a computer for data
analysis. Data analysis involved registration of the
25 X 80 pixels and construction of the histograms of
the orr and the on signals. Using these histograms
as estimates of the probability-density functions of
the binary signals, we define the SNR as

SNR = M1~ Mo

(077 + 00

(1)
where ., and p, are the means of the orr and the oN
signals, respectively, and 0,2 and ¢, are the corre-
sponding variances.

We analyzed the SNR’s of the reconstructions for
the storage of one hologram and for the storage of
100, 300, 1000, 5000, and 10,000 original and ther-
mally fixed holograms. In all cases the angular sep-
aration between neighboring holograms was at least
4 times the angle to the first null of the selectivity
curve for each hologram. Five fractal rows!® were
used for the recording of 5000 and 10,000 holograms,
with 1000 and 2000 angularly multiplexed holograms
in each row, respectively. The exposure schedule
reported in Ref. 20 was followed to equalize the dif-
fraction efficiencies of the recorded holograms. The
exposure schedules for storing different numbers of
holograms were selected so that the equalized diffrac-
tion efficiency was the same in all cases (=7 X 10~°).
This equalization is accomplished by recording, for
example, the 100 holograms as if they were the last
100 holograms in the 10,000-hologram sequence.
The results are summarized in Fig. 2. The solid
circles show the SNR’s of the equalized holograms
before fixing. We attribute the reduction in SNR as
the total number of holograms increases to the devel-
opment of fanning, interpixel-noise and other noise
gratings over the long exposure sequence, and non-
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uniform erasure of the recorded holograms caused by
absorption in the crystal.

We carried out thermal fixing by heating the crys-
tal to 120 °C. The crystal was allowed to cool and
was then repositioned in the setup and illuminated
with UV light to reveal the fixed holograms. We did
not use the reference beam for the revealing process
because, even with continuous scanning of the refer-
ence beam, a substantial increase in noise was ob-
served. The average diffraction efficiency measured
from all the experiments was 1.8 X 10~ ?, leading to
an average thermal-fixing efficiency of 26%. Follow-
ing Ref. 11 and assuming that the electronic gratings
are fully compensated by the proton gratings after
heating (a valid assumption as there was no measur-
able diffraction from the fixed holograms before re-
vealing), we can write the fixing efficiency as

Np—N,
. ) ( o )2 ) (ND Eo;m) +Ep’
fixing — - 2 )
Eori inal Np — N,
ginal (D 4 Eoph> + (Ep + E,)?
Np

(2)

where E . in. and Eg 4 are the amplitude of the
space-charge field of the hologram before and after
fixing, respectively, and N, and N, are the densities
of the dopants and the ionized dopants, respectively.
Ep = kgTK/q is the diffusion field, E, = gN,(Np —
N,)/KeNy, is the limiting space-charge field of the
dopants, and the photovoltaic field is E,;, = pyrN4/
gp,s. For theoretical prediction of the thermal-
fixing efficiency, we used the parameters used in Ref.
21. The estimated fixing efficiency is 30%, which is
in good agreement with the 26% that was experimen-
tally observed.

The SNR’s of the thermally fixed holograms are
represented by the open circles in Fig. 2. They re-
main close to those of the original holograms at the
beginning, indicating faithful copying by means of
thermal fixing. However, as the total number of ho-
lograms becomes larger, the SNR of the fixed holo-
grams is significantly lower. We cannot attribute
this drop to detector noise or scattering because the
diffraction efficiency and the fixing efficiency were
both independent of the number of holograms stored.
Therefore the drop must be attributed to a noise
source that is introduced by the fixing process and
that becomes more prevalent when more (not weak-
er) holograms are stored. Detailed examination of
the experimental data (Fig. 3) shows two effects:
First, the mean and the variance of the orF pixels rise
as the number of holograms increases, whereas the
mean of the oN pixels stays constant. We attribute
this outcome to a buildup of holographic noise, such
as interpixel-grating noise. Second, the drop in the
mean and the variance of the oN pixels arising from
fixing is higher than the drop of the orr pixels. This
relation seems to indicate that the interpixel gratings
experience a higher fixing efficiency. This conclu-
sion is surprising because theory predicts [Eq. (2)]

388 APPLIED OPTICS / Vol. 38, No. 2 / 10 January 1999

250 T - i

200 -

£ [ - — ® @ . e
=4
]
s . L
5 1507 q
s 1
g, e——e Original holograms: ON W
B &-——= Original holograms: OFF |
2 100  =—a Fixed holograms: ON -
e o—0 Fixed holograms: OFF
o ‘ _
50| e
=
1T T == T
0 ‘ ‘ |
1 10 100 1000 10,000

Number of holograms

Fig. 3. Means and variances of the ON and the OFF signals as
functions of the number of holograms.

that the fixing efficiency should drop off at lower
spatial frequencies. Independent measurements of
the fixing efficiency as a function of spatial frequency
have confirmed this unexpected trend. We do not
yet have a satisfactory explanation for this observa-
tion.

To record and fix more than 1,000 holograms reli-
ably, it is essential to improve the fixing efficiency.
As shown in Eq. (2), the fixing efficiency is deter-
mined by the reduction—oxidation state of the crystal.
In other words, the fixing efficiency is a function of
the absorption coefficient, as indicated by curve (a) in
Fig. 4. It shows that, as the absorption becomes
weaker, the fixing efficiency becomes higher. How-
ever, when absorption is weaker, there are fewer do-
nor sites (Fe?") available, and the M/# of the original
system without fixing is smaller [curve (b) in Fig. 4].
As a result, there is an optimal absorption for the
highest possible M /# after fixing, as shown by curve
(c) in Fig. 4. The optimal absorption is 0.37 cm ™%,
and the crystal we used had an absorption of 0.55
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Fig. 4. M/# as a function of the absorption coefficient of the
material: curve (a) represents thermal-fixing efficiency, curve (b)
the M/# of the original system, and curve (c) the M/# of the
thermally fixed system.



ecm ™!, So there is little room for improvement in our

experiment by means of changing the reduction—
oxidation state of the crystal.

3. Incremental Fixing Schedule

In the context of a large-scale holographic memory,
thermal-fixing efficiency can be defined in two ways.
First is the fixing efficiency for an individual hologram,
as shown in Eq. (2). Second is the system thermal-
fixing efficiency, defined as the ratio of the final dif-
fraction efficiency of multiple thermally fixed
holograms, with ¢, as the recording time for the first
hologram, to the diffraction efficiency of the same num-
ber of unfixed holograms starting with the same initial
exposure time. Because of the dynamic nature of a
memory system that uses LiNbOj; crystals, the record-
ing of multiple holograms involves both writing and
erasure behaviors. To store all the holograms with
equal strength, we need to use a carefully chosen set of
decreasing exposure times as the exposure schedule.
The difference between the fixing efficiencies for an
individual-hologram and a multiple-hologram system
lies in the fact that the former’s efficiency is deter-
mined solely by the material and the system parame-
ters, whereas the latter’s also depends on the writing
and the erasure dynamics and thus can be improved by
optimization of the exposure schedule.

The optical erasure of an unfixed hologram can be
described as

h(t) = hy exp(—t/7.), 3

where h(t) is the electronic grating strength as a func-
tion of time. Equation (3) is simply an exponential
decay with initial value &, and an erasure time con-
stant T,.

During erasure of a hologram after heating, when
proton compensation takes place, although the spa-
tially varying electronic-charge concentration is
smoothed out by the migration of photoelectrons as in
the normal case, it is still modulated by the existing
proton grating formed during heating. Therefore
the electronic grating does not drop exponentially to
zero. Instead, it experiences a slower decay with a
nonzero steady-state value (this explains why the
thermal fixing efficiency is less than one). Its dy-
namics are given by

h’(t) = (1 - Vnﬁxing)hol + \“““’nﬁxing hOI exp(_t/Te)’ (4)

where h'(¢) is the electronic-grating strength as a
function of time during erasure, A’ is its initial value
immediately after heating, and ngy;,, is the thermal-
fixing efficiency defined in Eq. (2). Here we make
the assumption that the imaginary term in the com-
plex time constant is negligible. Therefore the de-
cay time constant is also 7,. This assumption is
valid provided that the total erasure time is not long
compared with 7.

The recording and the erasure behaviors in differ-
ent cases are plotted in Fig. 5. This figure also pro-
vides a simple example of how the exposure schedule
is made. First, hologram 1 is recorded for ;. Be-
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Fig. 5. Holographic recording and erasure under different condi-
tions.

cause hologram 1 would decay on further exposure for
hologram 2, the crystal can be exposed for only ¢,
shorter than #; to make the strengths of the two
holograms equal. However, if the crystal is heated
after the hologram 1 is written, it decays much
slower. As a result, hologram 2 can be recorded for
ty', which is significantly longer and leads to an in-
crease in the diffraction efficiency of both holograms.
If the same treatment—recording followed by
heating—is repeated for multiple times, higher over-
all diffraction efficiencies can be achieved at the end.
However, in practice it is desirable to keep the num-
ber of heating treatments to a minimum. Therefore
we break up the entire recording sequence of M ho-
lograms into M, sets. Each set consists of an equal
number of holograms, M, = M/M,. When the re-
cording of a set of holograms is finished, the crystal is
heated in an oven for a certain amount of time. Af-
ter cooling and repositioning of the crystal, another
set of M, holograms is recorded. The procedure is
repeated until all M holograms are recorded. Fi-
nally, the crystal is heated again and then illumi-
nated with uniform light to reveal all the fixed
holograms. We refer to this procedure as the incre-
mental fixing schedule. Intuitively, when M, is
smaller (the heating treatment is done less often),
normal optical erasure becomes more dominant, and
the gain in the final hologram strength is less. On
the other hand, with smaller values of M, hologram
recording takes less time and effort. As a result, in
practice, there is always a trade-off.

In an exposure schedule for normal holographic
recording, we achieve equal diffraction efficiency of
all holograms by making the diffraction efficiency of
the two neighboring holograms, the mth and the
(m + 1)th holograms, the same2°:

hO[l - eXp(_tm/Te)]eXp(_tm+1/Te)
= h’O[l - exp(_tm+1/Te)]7 (5)
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where ¢,, and ¢, , ; are the exposure times for the mth
and the (m + 1)th holograms, respectively. Typi-
cally, the exposure schedule is generated by use of a
backward recursive algorithm, given the total num-
ber of holograms to be stored M, the erasure time
constant 7,, and the exposure time for the last holo-
gram ¢;,. Alternatively, an exposure schedule can
be calculated by use of a forward method that starts
with #; as the exposure time for the first hologram.
The final diffraction efficiency of the system is then
the efficiency of the decayed first hologram because of
the exposures required for recording the rest (M — 1)
of the holograms with equal strength. In a purely
theoretical treatment in which #; can be infinitely
long, so the first hologram is written to saturation,
the diffraction efficiency approaches the upper limit
imposed by the system’s dynamic range, as described
by the M /#.20.21  For the practical implementation of
a large-scale memory that favors a much shorter ¢, to
avoid the buildup of holographic noise, we choose ¢; =
1,/R; (Ry > 1) and use it in Eq. (5). The exposure
time for the mth hologram is then

Te

= 6
R1+m—1’ ()

tm

wherem =1,2,..., M.

For designing the incremental fixing schedule, the
only modification of Eq. (5) is that, instead of equal-
izing neighboring holograms, neighboring sets of ho-
lograms are equalized. In other words, the
decreased diffraction efficiency of the nth set of holo-
grams caused by optical erasure after heating is
matched to that of the (n + 1)th set of holograms.
During the recording of the holograms within a set,
the optical erasure is the same as in the normal case.
Therefore a normal exposure schedule is applied to
the storage of each set of holograms. Given the
number of holograms in a set M, and the erasure
time constant 7,, only the recording time for the first
hologram in the nth set, ¢,", is needed to specify the
exposure schedule for the entire set. The values of
t,"(n = 1,2,..., M,) are calculated with

My

/ n n n
(1 - nﬁxing)hOn + Vﬂmixing hO eXp|:_E ti +1/Te:| = hO +11

=1

hy" = h.[1 — exp(—ty,"/7.)],
ho"t = h[1 — exp(—ty," /)], (7

where h," and 2" *! are the strengths of the nth and
the (n + 1)th sets of holograms after recording, re-
spectively. Correspondingly, ¢,,," and ch”“ are the
last exposure times for each set. The term A_, is the
saturation value. The left-hand side of Eq. (7) ac-
counts for the decay of the nth set of holograms during
the recording of the (n + 1)th set, which takes >
t"*1. Each ¢! is simply derived from the normal
exposure schedule starting with ¢,”*! [Eq. (6)].
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Fig. 6. Example of the incremental fixing schedule.

Combining Eqs. (6) and (7) yields the first exposure
time ¢," for the nth set as

.
tln = < ] (8)

R, + \/”ﬂﬁxing(n - 1M,
wheren =1,2,..., M and R, = 7,/t, corresponds to

the choice of the first exposure time for the entire
incremental fixing schedule. It should be noted that
the exposure time of the first hologram in the nth set,
t,", corresponds to that of the [(n — 1)M, + 1]th
hologram in the entire exposure sequence. In the
normal exposure schedule [Eq. (6)], the exposure time
for this hologram would be

Te

R+ (n—-1)M,’ ©

Comparing Eqgs. (8) and (9) clearly shows that, be-
cause Mgying < 1, the exposure time of the same ho-
logram is longer with the incremental fixing
schedule.

Figure 6 shows an example in which the total num-
ber of holograms to be stored is M = 10,000, the
number of heating treatments is M, = 10, and the
number of holograms in each set is M, = 1000. The
erasure time constant is taken as 6000 s, and the first
exposure time is ¢; = 10 s (R; = 600). Because the
crystal is heated after the recording of each set of
1000 holograms, the exposure times at holograms

1001, 2001,..., 9001 are increased, resulting in
overall stronger hologram strength at the end of re-
cording.

After the entire recording sequence is finished, the
crystal is heated and then illuminated to reveal the
fixed holograms. The diffraction efficiency of the
fixed holograms is the product of the efficiency ob-
tained at the end of the recording and the thermal-
fixing efficiency for an individual hologram. The
ratio of this diffraction efficiency and that of the M
unfixed holograms is the system’s fixing efficiency.
It is plotted as a function of the number of heating
treatments (the number of sets M) in Fig. 7. The
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total number of holograms to be stored M is 10,000,
and the erasure time constant 7, is taken as 6000 s.
In Fig. 7, curve (a) represents the practical case in
which the recording is started with ¢; = 10 s. It
shows that, as M, increases (the crystal is heated
more often), the system’s fixing efficiency becomes

higher. Curve (b) in Fig. 7 shows an ideal case in
which #; can be infinitely long. It predicts that, as
M, comes closer to M, the system’s fixing efficiency
approaches 100%. In other words, at the limit
where M, = M (heating is applied after the recording
of every hologram), the gain in the exposure schedule
from the incremental heating treatment compensates
all losses that are due to thermal fixing and the max-
imum M /# of the memory system with incremental
fixing is the same as that of the original volatile one.

4. Thermal Fixing of 10,000 Holograms

Using the same setup shown in Fig. 1, we recorded
and thermally fixed 10,000 holograms by using an
incremental fixing schedule. Five fractal rows were
used for storage, with 2000 holograms stored in each.
The vertical spacing between fractal rows was 2.4°,
and the horizontal spacing between neighboring ho-
lograms was 0.007°, approximately 4 times the mea-
sured Bragg selectivity. To avoid overlapping that
might occur because of imperfect repositioning, we
set the angle spacing between two adjacent sets of
holograms on the same fractal row to be 10 times
wider than the hologram spacing.

In the incremental fixing schedule, 10,000 holo-

Fig. 8.

Sample reconstructions from the 10,000 fixed holograms by use of the incremental fixing schedule.
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grams were divided into 10 sets (M, = 10), two in
each fractal row. The crystal was heated in an oven
preheated to 120 °C for 30 min after each set of M, =
1000 holograms were recorded. The erasure time
constant 1, was determined empirically to be 6000 s.
The first exposure time ¢; was chosen tobe 10s. The
exposure time for the 10,000th hologram ¢, oo Was
calculated from Egs. (6) and (8) to be 0.94 s. This
exposure time was nearly twice as long as the final
exposure when the normal exposure schedule with-
out thermal fixing was used. However, because of
the loss during revealing (1 — Mgyin, =~ 70%), the final
system fixing efficiency is expected to be 78% (see Fig.
7). This value is more than twice the individual
fixing efficiency, without the incremental schedule.
After 10,000 holograms were recorded and ther-
mally fixed, 30 sample reconstructions were retrieved
by a cooled scientific CCD camera for further data
analysis. The samples were well distributed among
the 10,000 holograms, and some are shown in Fig. 8.
The same data-analysis procedure that was described
in Section 3 was used to analyze error performance.
The average diffraction efficiency was appoximately
4.6 X 107°. Compared with that of the 10,000 holo-
grams without fixing (m =~ 7 X 10~°), the incremental
fixing schedule yielded a system fixing efficiency of
roughly 66%, close to the estimated value from Fig. 7.
All the sample reconstructions were retrieved with-
out any measured errors. However, we observed
nonuniformity, which could be attributed to imper-
fect repositioning, across the reconstructed images.
The characteristics of these reconstructions are plot-

392 APPLIED OPTICS / Vol. 38, No. 2 / 10 January 1999

ted in Fig. 9, including the means of the oN and the
oFF pixel regions, the optimal threshold, the SNR,
and the estimated probability of error of the recon-
structed holograms. It is very interesting to note
that, even with the lower diffraction efficiency, the
error performance of the 10,000 fixed holograms is
comparable with or even slightly better than that of
the unfixed holograms.1® This result is not surpris-
ing because the repeated heating reduces the electric
field inside the crystal, resulting in less scattered
noise. Similar effects have been observed by other
researchers.13

5. Conclusion

We have conducted a series of experiments to char-
acterize the effect of the thermal-fixing process on
system error performance of a large-scale holographic
memory that uses a LiNbOj:Fe crystal. The reduc-
tion in the SNR after thermal fixing is due to the low
fixing efficiency. We have described a novel incre-
mental fixing schedule that takes advantage of the
dynamic nature of holographic recording to increase
the diffraction efficiency of multiple thermally fixed
holograms. We successfully fixed 10,000 holograms
in our experiment by using this schedule, with
greatly improved error performance.

This study was supported by the Rome Air Devel-
opment Center and the U.S. Air Force Office of Sci-
entific Research.
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