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intermodulation noise in periodically poled
lithium niobate
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We show that the use of periodically poled lithium niobate doped with Fe and Y ensures a considerable im-
provement in the quality of reconstructed images compared with the use of single-domain crystals. This im-
provement is due to inhibition of intermodulation noise and elimination of optical damage. © 2005 Optical

Society of America
OCIS codes: 190.5330, 090.2900, 090.7330.

Crystals of Fe-doped lithium niobate (LiNbOj) are
considered a promising storage medium for holo-
graphic data storage, as was demonstrated in 1975. 1
They ensure a long dark storage time of several hun-
dred years, high optical quality, and thus a consider-
ably low bit-error rate of =3 x 107, a large M#,>1,
and acceptable sensitivity (see, e.g., Ref. 2 and the
references therein).

At the same time the strong photorefractive non-
linearity of L1NbO3, which is due to photovoltaic
charge transport results not only in efficient holo-
gram recording but also in severe light-induced dis-
tortions of the laser wave front, known as optical
damage.* Furthermore, the photorefractlve response
of LiNbOj:Fe is nearly independent of the angle be-
tween the two recordlng waves, 1nclud1ng the range
of very small angles Th1s gives rise to the problem
of intermodulation noise® that is due to recording and
readout of holographic gratings by different low-
spatial-frequency components of the image beam it-
self. These two factors, optical damage and inter-
modulation noise, degrade, to a certain extent, the
performance of LiNbOs as a holographic recording
medium.

Thus the ideal recording medium should be sensi-
tive at high spatial frequencies, comparable to the
carrier frequency of the hologram, and feature much
smaller sensitivity at spatial frequencies of the image
itself.® Perlodlcally poled LiNbOj3 (PPLN) codoped
with Fe and Y"® meets these requirements, as follows

from theoretical calculations.*'® An appropriate
choice of the domain lattice spacing allows one to con-
trol the cutoff spatial frequency below which the non-
linear response of the material drops. We show in
this letter that the use of PPLN diminishes inter-
modulation noise in reconstructed images and sup-
presses the appearance of ghost images even at
rather high diffraction efficiencies of a hologram. To-
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gether w1th the known effects of inhibition of optical
damage and reductlon of small-angle light-induced
(nonlinear) scatterlng, this ensures higher-quality
reconstructed images than those obtained with
single-domain crystals.

Bulk crystals with a periodic domain structure that
spontaneously develops during growth were synthe-

sized at Moscow University.n’12 We use an x-cut
sample (0.74-wt.% Y, 0.06-wt.% Fe) of 1-mm thick-
ness with domain walls normal to the x axis and do-
main lattice period L=13 um. The sample offers a

single-domain part (sd area) and a periodically poled

part (pp area).”®

To record the transmission holograms we use a ho-
lographic storage platform designed at the Univer-
sity of Cologne (partially described in Ref. 13). A
frequency-doubled diode-pumped continuous-wave
Nd3*:YAG laser (single frequency, TEM,,, 150-mW
output power, A\=532 nm) is used for hologram re-
_7* X-axis, k-vector of periodic poling

PPLN

z-axis, k-vector of the hologramm

'

Fig. 1. Sample geometry of the LiNbO3 sample and the
holograms reconstructed from the sd and the pp areas for
different exposure times.
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cording. The laser light is polarized linearly, nearly
along the z axis of the crystal and within the plane of
beam intersection. The recording angle in air is 26
=45°. A schematic of the recording geometry is shown
in Fig. 1.

A binary image is introduced into the object beam
by a LCD page composer (1024 X 768 pixels). The
signal-to-reference intensity ratio is 1:10. Holograms
~1-mm in diameter are recorded in front of the exact
Fourier plane of the objective. The reconstructed im-
ages are captured by a CCD and stored with a PC.

Figure 1 also shows images reconstructed from ho-
lograms recorded in the sd and pp areas for various
exposures. One can see that after 75-s exposure time
the image from the sd area is already severely dis-
torted. Note the appearance of ghost images (extra
vertical bars and stars smeared horizontally) in the
sd area, which is a typical manifestation of inter-
modulation noise. These effects are not visible for the
pp area, where only a slight edge enhancement is ob-
served for long exposures.

To analyze the reason for suppression of inter-
modulation noise in PPLN in more detail we study
the photorefractive response of the crystal at typical
spatial frequencies of the image from 10 to
100 mm™!. For this purpose plane-wave holograms
are recorded with the intensity ratio of the recording
beams close to 1 by use of recording angles in the
range 0.4°-12°. To monitor the grating recording as
well as the appearance of higher orders of diffraction
the diffraction patterns of an auxiliary He—Ne laser
beam (A=632.8 nm) are analyzed. Figure 2 shows the
angular intensity distribution of the red light in the
far field for the sd and pp areas after 20 s of record-
ing at angle 26=0.46°.

In the ideal case, i.e., with no intermodulation ef-
fects, the diffraction orders would not be seen. Here
the symmetric +1 diffraction orders are obviously
present, not only in the sd area but also in the pp
area of the sample. Moreover, the second orders of
diffraction are detectable, too. It should be pointed
out that for 20=0.46° the 1-mm-thick grating can be
considered to be thin already according to the Klein
criterion, @ =2m\/nA?=0.4<10, which explains the
existence of higher orders of diffraction. From a com-
parison of the gray and black angular distributions it
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Fig. 2. Far-field intensity distribution for diffraction from
the grating recorded in the sd and the pp areas for a record-
ing angle of 0.46°.
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Fig. 3. Temporal evolution of the diffraction efficiency for
260=1.6° (diamonds), 3° (squares), and 6° (circles). Filled
shapes, data for the sd area; open shapes, data for the pp
area.

is obvious that the intensity of the diffracted beams
in the pp area is much smaller than that in the sd
area: the first-order peaks do not exceed a few per-
cent in the pp area, whereas the second-order peaks
are nearly invisible. This confirms that recording of
holograms with spatial frequencies of the image, i.e.,
appearance of intermodulation noise, is inhibited in
PPLN.

To get quantitative data we measure the diffraction
efficiency 7 as a function of the grating spacing in the
sd and pp areas. Instead of measuring the saturated
values of 7 (that are masked by competing nonlinear
effects, mainly by strong light-induced scattering) we
measure 7 that is reached within a certain exposure
time ¢ that is much smaller than the grating decay
time, t<7.

In Fig. 3 the temporal dynamics of the diffraction
efficiency is shown for the sd and pp areas, measured
at several recording angles with one of the recording
green beams. In the following we select an exposure
time ¢t=5 s for which the diffraction efficiency does
not exceed a few percent, and where 7 increases «t2.
Thus the diffraction efficiency is proportional to the
square of the ultimate space-charge field E_, that
could be reached in the steady state, nx(E,)%(¢/7)?
(see, e.g., Ref. 3). When we measure the kinetics of 7
at different recording angles, we see that at the be-
ginning of recording all curves for the sd area are
practically identical, whereas for the pp area the
curves are all different: 7 decreases with increasing
fringe spacing A. Thus, in accordance with our expec-
tations, the space-charge field for the sd area, E:g, is
nearly independent of the spatial frequency,
whereas that for the pp area ELP diminishes at low

spatial frequencies.”!® It is useful to normalize the
diffraction efficiency of the pp area, 7,,(¢), to the con-
stant diffraction efficiency of the sd area, #y4(?),
and evaluate from the experimental data the ratio
of ultimate space-charge fields, EPP/E
=[77pp(t)/7]sd(t)]1/2‘

The dependence of the normalized space-charge
field determined from the experimental data on the
grating spacing for the sd and pp areas is shown in
Fig. 4. In addition, the dashed curve refers to the
relation
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Fig. 4. Normalized space-charge field determined from the
experimental data versus grating spacing for the pp area
(open circles). Dashed curve and solid line, dependences
calculated for domain lattice spacings of 13 um (pp area)
and o (sd area), respectively. The gray field marks the
range of image spatial frequencies.
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with domain lattice period L=13 um. The horizontal
solid line, E,/E%=1, shows the expected behavior of
a single-domain crystal, i.e., L—». A qualitative
agreement of the measured and calculated data is
evident despite the fact that the measured space-
charge fields are roughly two times smaller than cal-
culated. This may be a consequence of the imperfect
domain periodicity as well as of accidental or
Y-content-related topographic changes in sample sen-
sitivity.

Starting from A=40 um, the measured data are
strongly affected by the linear small-angle scattering
of the readout beam from optical inhomogeneities of
the sample. The low signal-to-noise ratio in this
range leads to a linear (and not a quadratic) increase
in the diffraction efficiency with time, so these data
are not shown in Fig. 3. The presented data show
that at A=10 um the amplitude of the space-charge
grating is 4 times smaller than at A<1 um, typical
for the hologram carrier frequency, whereas for A
=40 pm the difference becomes larger than 1 order of
magnitude. Figure 4 permits extrapolation of the
space-charge amplitude for a typical laser beam
waist. For an unfocused laser beam of ~1 mm the
photorefractive response is inhibited by 4 orders of
magnitude. This means that optical damage is elimi-
nated in this medium, in full agreement with the con-
clusion of Ref. 7.

The sample that is used in this experiment is not
optimized for intermodulation noise suppression.
Much stronger suppression can be predicted with

smaller domain lattice periods, e.g., for technologi-
cally accessible domain lattice period L=7 um.”

To conclude, substantial suppression of intermodu-
lation noise has been demonstrated with image holo-
gram recording in PPLN:Y:Fe crystals. As a result,
holograms can be recorded even with strong overex-
posure, without quality losses of the image. This is of
special importance for achieving high M# in holo-
graphic data storage. The suppression of inter-
modulation noise and optical damage in PPLN:Y:Fe
should improve considerably the bit-error rate of
LiNbOs-based optical memories. However, to check
this prediction bulk PPLN samples of larger dimen-
sions are necessary.

We dedicate this article to the 65th anniversary of
Eckhard Kratzig, who created in the Philips Re-
search Laboratories one of the first photorefractive
memories in the early 1970s. This work was sup-
ported in part by an Alexander von Humboldt Stif-
tung via a Research Award to S. Odoulov. We are
grateful to Inna Naumova (Moscow State University)
for the PPLN samples. M. Werner’s e-mail address is
marcus.werner@holozone.de
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