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Persistent holograms are recorded locally with red light in a LiNbO; crystal doped with Mg and Fe.
erasure is realized by use of a focused UV sensitizing light.
images as well as selective erasure in a 4 mm X 4 mm X 4 mm crystal.

Selective
We demonstrate the recording of 50 localized
A comparison of the total recording

time for M holograms obtained with the conventional distributed-volume recording and the localized methods

is presented. [0 2000 Optical Society of America
OCIS codes: 090.7330, 210.0210, 210.4680.

In holographic data storage,! pages of information over-
lap in the volume of the recording medium. Coherent
erasure of a particular page also erases all the other
pages stored in the same volume, owing to destructive
readout of holograms in photorefractive crystals such
as LiNbOs:Fe. Recently, nondestructive readout has
been demonstrated in doubly doped LiNbOs.2 When
holograms are multiplexed in such crystals,® the era-
sure of a single page of information requires that sen-
sitizing light be present, causing the erasure of all the
other pages of information stored in the same volume.
In this Letter we propose holographic recording of local-
ized holograms in doubly doped LiNbO3. This method
can be applied to any other material that produces
nonvolatile readout.*"® The method can be considered
the holographic analog of the three-dimensional optical
two-photon memories architecture.”® We experimen-
tally demonstrate recording of 50 localized holograms
in doubly doped LiNbOj3 and selective erasure. These
localized holograms can be erased and refreshed se-
lectively without influencing adjacent holograms. We
show that the total recording time for this method is
shorter than the total recording time of the distributed-
volume recording method.

We perform experiments with a congruent 90°-cut
LiNbOj3 crystal doped with 0.075-wt. % FeysO3; and
0.015-wt. % MnO. Figure 1 depicts the experimen-
tal setup. We use a frequency-doubled femtosecond
laser as a sensitizing light source (wavelength, 405 nm)
and a 15-mW He-Ne laser for generation of coher-
ent red light (wavelength, 633 nm; ordinary polariza-
tion). We recorded a plane-wave hologram, using two
red beams that interfere in a 90° geometry crystal il-
luminated by the sensitizing light. The hologram that
we obtain with the pulsed sensitizing beam is less per-
sistent than the cw sensitization reported in Ref. 2.
When it is read out with only the red reference beam,
the hologram is erased with a time constant that is
only three times the writing time constant. The ra-
tio reported in Ref. 2 with cw sensitization is of the
order of 10%.

An intensity transmission mask is imaged by a 4-f
system onto a CCD camera. The reference beam is
focused by an 8-cm cylindrical focal lens. The UV
beam copropagates with the red reference beam. The
lateral extension (1/e? value) of both focused beams
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inside the crystal is 40 um. The signal diameter is
1.5 mm inside the crystal (Fresnel region). The crys-
tal is mounted on a computer-controlled translation
stage. At each spatial location, the crystal is presen-
sitized with the focused UV beam for 10 s. We use an
exposure schedule for the recording of 50 holograms
because of the nonpersistence of holograms, as ex-
plained above. The holograms are recorded with the
red beams for 4.5 min on average (reference, 720 uW;
signal, 120 uW; UV, 100 uW). Multiple holograms
are recorded by translation of the crystal between expo-
sures. A center-to-center separation of 80 um, which
is equal to twice the lateral extension of the red and the
UV beams, is used between spatial locations. The ex-
perimental result is shown in Fig. 2(a). Each peak in
the plot results from the diffraction efficiency of a local-
ized hologram as the crystal is translated in the direc-
tion perpendicular to the reference beam. As shown
in Fig. 2(b), hologram 25 is selectively erased by con-
tinuous illumination with UV light. The detector is
then replaced by a camera, and an example of a re-
constructed image is shown in Fig. 2(a). We do not
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Fig. 1. Recording setup for the 50-hologram experiment.
The camera CCD and detector are interchangeable. A/2-
plate, half-wave plate; PB’s, polarizing beam splitters;
SHG, second-harmonic generator; MIRA, femtosecond
laser.
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Fig. 2. (a) 50 images recorded in a LiNbOjs:Fe, Mn crys-
tal. Each peak corresponds to the diffraction efficiency of
a hologram stored at a different spatial location. (b) Holo-
gram 25 is selectively erased by continuous illumination
with UV and red reference light.

measure the fidelity of the reconstruction quantita-
tively. This experiment demonstrates that holograms
can be recorded locally in LiNbO3:Fe, Mn crystal, per-
mitting selective noncoherent erasure.

In the following analysis we compare the total
recording time of M holograms by use of conventional
distributed-volume holographic recording in doubly
doped LiNbOjs (Ref. 3) and localized recording in the
same crystal described above. In the analysis we cal-
culate the recording time required for the same final
diffraction efficiency for the two methods. The total
power for recording is fixed and equal for both record-
ing methods, so that the comparison will be fair, since
the results derived in this Letter scale identically with
total power for both methods. The power is divided
equally in the reference and the signal beams for dis-
tributed recording because it optimizes the recording
speed. We keep the reference and the signal power
equal in the case of localized recording for the same
reason.

For distributed-volume hologram recording, an expo-
sure schedule is necessary to obtain equalized diffrac-
tion efficiency for M holograms. The square root of
the final diffraction efficiency is equal to®
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where M is the number of holograms; My = Ag7./7,
is the M-number parameter; A, is the square root of
the saturation diffraction efficiency after red erasure;
7w and 7, are the writing- and erasure-time constants,
respectively; ¢#; is the recording time of the initial holo-
gram; and #y; = 7./[(7./t1) + M — 1] is the recording
time of the last hologram. Equation (1) differs from

the equation in Ref. 9 by a factor C, which is the square
root of the ratio between the signal and reference beam
area in the crystal, C = \/A,/A,. It is introduced
here because we are concerned with the diffraction
efficiency expressed as a power ratio and not as
an intensity ratio. The total recording time for M
distributed-volume holograms is equal to

Ttot = Te 111[1 + (M - 1) (tl/Te)]- (2)

For the localized method the total recording time for M
holograms is simply

Ttotl = Mts,7 (3)

where ¢’ is the time needed to record one hologram.
In the following relations the primed variables cor-
respond to the localized recording. The square root
of the diffraction eff1c1ency of one localized hologram
recorded for time ¢, is equal to \/— CVM (Ay /7,0t ,
where ¢,/ << 1,/. The extra factor VM comes from
the fact that the area of the reference beam has been
reduced by M (L/M = L'; see the inset of Fig. 1).
Since Ay’ is proportional to modulation depth m' =
\/ L'I, /I + I; and interaction length L', and 7,’ «
JRESA + 7" the recording slope S’ for the localized record-
ing 1s equal to
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Since S = C(Ay/7,) is the recording slope for the
distributed-volume recording, Eq. (4) shows that as
long as ¢,/ << 7,/ the ratio between the recording
slopes is independent of . We experimentally verify
this result by measuring the recording slope of the
square root of the diffraction efficiency (computed as
a power ratio) for different interaction lengths L/,
keeping the power in the reference and the signal
beams constant. For L' = 40 um to 3.5 mm, we
observe a decrease of 20% in recording slope, which we
attribute to experimental errors owing to the difficulty
of overlapping the UV and the red reference beams in
the crystal for small lateral extension. We use the
result of Eq. (4) to compare the recording speed of
the localized and the distributed-volume recording.
The final diffraction efficiencies for the two cases are

\/W = C(AO/Tw)ts/
Jn = C(Ay/10)tu . (5)

Equations (5) show that the total recording time of the
localized hologram method is shorter than that of the
distributed-volume method, since 3, is the shortest
recording time of the exposure schedule. This result,
however, is valid only if holograms are recorded in the
linear region of the recording curve. We have to be
careful because the localized-recording time constant
7.’ becomes, when we use (7,,//1,) = (I, + I,)/(I,) + I,),
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Fig. 3. Ratio of total recording time between the localized

and the distributed-volume methods as a function of the

number of holograms needed to record for two different

values of the ratio r./7, and ¢; = 7,/20.

where I, and I; are the reference and the signal inten-
sity, respectively. We set I, = I; in Eq. (6) because,
for distributed-volume recording, the recording beams
have similar area and equal power. Experimentally,
7 1s roughly equal to 7, in doubly doped LiNbOj as a
result of constant sensitizing illumination in the crys-
tal volume throughout the recording process of the M
holograms.? This is different with localized record-
ing, since the sensitizing light is localized and does
not erase previous holograms. Thus, from Eq. (6), the
last recording time of the exposure schedule for the
distributed-volume recording (=7./M) is of the same
order as the writing-time constant of the localized holo-
grams, and therefore they are being recorded in the
nonlinear region. The total recording time of the lo-
calized recording has to be computed by use of the exact
form of the recording curve:

Vn' = C(Ay/10)7[1 — exp(—t,'/7")] = C(Ao/Tw)tu .
)

By substituting Eq. (6) into Eq. (7) and solving for ¢/,
we can obtain the total recording time:
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The total recording time for the distributed-volume
method is given by Eq. (2). We note that the ratio of
Tiot' and T}, depends on the ratio of time constants
T¢/Tw, the number of holograms M, and the initial
recording time ¢; of the exposure schedule. A practical
value for ¢ is taken as 7,/20. Figure 3 shows the ratio
of total recording times for both methods, T, and T,
versus the number of holograms for two values of 7, /7.
One can see from Fig. 3 that for 7./7, = 1 the total
recording time of the localized method can be shorter
than the total recording time of volume holograms
for M longer than 10 holograms. As the ratio 7./7,
increases, this advantage of the localized recording
method quickly vanishes. There exists a ratio 7./7,
above which the localized holograms cannot reach the
diffraction efficiency obtained with distributed-volume
holograms independently of the exposure time allotted.
For M = 1000 and #; = 7./20, this threshold ratio is
equal to 2.1.

Another basis for comparison of the two methods
is in terms of storage density. We first consider the

experiment described in this Letter. Fifty localized
holograms with equal diffraction efficiency of 2 X 107°
were recorded. The effective M,°¢ of the localized
method is equal to M~+/2 X 107> = 0.22. If we use
the same crystal for distributed volume recording
(with M = 50), we can compute My by use of a
single plane-wave hologram recording in the same
crystal. Assuming equal recording and erasing time
constants (see discussion above), we found that M,"! =
0.18. This result suggests that 50 holograms for
both methods can be recorded in the same volume
with approximately the same diffraction efficiency.
We need to know how this result scales with M.
The maximum number of localized holograms that
can be stored in a given crystal thickness is limited
by the diffraction of the focused sensitizing beam.
Let a typical spot size for a high-bandwidth signal
beam recorded in the Fourier plane be =3 mm. This
translates to an optimal focusing of 15 um (1/e? value)
for the sensitizing beam and thus a center-to-center
spacing of 30 um. Therefore, if we assume a crystal
thickness of 1 cm, 330 localized holograms can be
recorded with a diffraction efficiency equal to 2 X
107°. Comparatively, the diffraction efficiency of 330
holograms stored with the distributed-volume method
would be equal to » = (M3"°'/330)2 = 1.9 X 1076, The
larger final diffraction for the localized recording comes
at the expense of a longer recording time, since in this
case each hologram would have to be recorded in the
nonlinear region.
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