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We have grown cerium doped strontium barium niobate (Ce:SBN60) single-crystal fibers, 250 pum-1 mm in diameter,
along the g-axis by the laser heated pedestal growth method. The properties of holographic recording in the fiber are in-
vestigated. This fiber is expected to have high writing sensitivity due to its large relevant figure of merit and relatively
wide grating spacing. The diffraction efficiency reaches more than 40% at 50 ms for a transmitted object beam with an ex-
posure power of 75.2 %2 yW. The angular sensitivity is 1.5 mrad at an incident angle of 21°. We also demonstrate image

recording in the fiber.
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Introduction

§1.

Photorefractive electro-optic crystals have been exten-
sively studied since they have attractive characteristics
for holographic storage,'™ optical interconnection, and
phase conjugation mirrors.”® In particular, holographic
recording using a light-induced change of refractive in-
dex (photorefractive effect) in electro-optic crystals such
as LiNbO;,"*¥ Sr,Ba, _,Nb, 06 (SBN)? was one of the ma-
jor themes of optical memory research over 15 years ago.
There are two important problems related to the im-
plementation of photorefractive crystals in holographic
recording systems. One is writing sensitivity which is
affected by the electro-optic coefficient and the dielectric
constant of the crystal, and alsoc by the dopant in the
crystal which supplies photoionized free electrons in the
conduction band. Because the photorefractive effect is
proportional to the number of absorbed photons, writing
is performed more quickly as the power increases. The
other is the number of holograms which can be superim-
posed in a given volume of crystal, and this is limited by
angular sensitivity.

In the succeeding vears, many researchers have
devoted themselves to discovering the mechanism of
photorefractive effects”'” and developing practical
crystals. For example, cerium doped SBN was found to
have a high writing sensitivity by Megumi et al.'>'¥
However, no practical optical memory system using
photorefractive crystals has yet been developed, because
of the imperfections in the crystals, their very high cost,
the lack of a small light source with adequate power and
modulation speed at visible wavelengths, and the lack of
related components.

Recently, Hesselink et al. reported holographic storage
in Ce doped SBN c-axis fiber and mentioned many advan-
tages of fiber type photorefractive materials.'>'® Firstly,
fiber type crystals are easier to grow than bulk crystals us-
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ing the laser heated pedestal growth (LHPG) technig-
ue.”?9 Secondly, the angular sensitivity of multiplexed im-
ages in fiber increases because the effective interaction
length increases due to reflection of the reference beam in
the fiber, and each stack of images is isolated from other
stacks in adjacent fibers, thereby reducing cross-talk.
Moreover, each fiber can be assembled in a variety of con-
figurations. The combined use of photorefractive single
crystal fibers and related components, such as the SHG
(second harmonic generation) light source, being devel-
oped in current studies, will enable a holographic recor-
ding system to be realized.

This paper describes the growth of Ce doped SBN
single crystal fibers along the a-axis by the LHPG techni-
gue and alsc the basic properties of holographic recor-
ding with no external field applied to the fiber. Data on
holographic grating formation, read-out grating decay
and angular sensitivity are presented and image recording
in g-axis single crystal fiber is demonstrated. These
results show that cerium doped SBN g-axis fiber can be a
holographic recording medium with a higher writing sen-
sitivity than c-axis fiber.

§2.

Cerium 0.05% and 0.02% doped SrysBagsNb,Os a-
axis single crystal fibers grown by the LHPG technique
are shown in Fig. 1(a). We have used cerium doped SBN
crystal rods about 700 pm-2 mm in diameter and up to
20 mm in length as the source materials. SBN single
crystal fibers have been successfully grown along both the
a- and c-axes, with diameters of 100 ym to 1 mm and
iengths of up to 40 mm at a speed of a few mm/min. The
LHPG technique is described in detail in refs. 17, 18. The
fibers, cut to appropriate lengths of 1 to 4 mm, were held
with U.V. curing resin and both end-faces were polished.
An optical micrograph of the end-face of an SBN g-axis
single crystal fiber is shown in Fig. 1(b). The cross-sec-
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Fig. 1. Photographs of (a) Ce doped a-axis single crystal fiber grown
by the laser heated pedestal growth technique, (b) the cross-section of
prepared Ce doped SBN g-axis single crystal fiber. The c-axis is
perpendicular to the direction of the ridges.

tion of an g-axis fiber is hexagonal in shape with two
ridges whose direction is perpendicular to the c-axis. The
crystals are pale yellow and their transparency increases
as the cerium concentration decreases. The total absorp-
tion and scattering losses in Ce: 0.02% and 0.05% doped
SBN fibers were 3.9cm™' and 7cm™!, respectively.
Before the photorefractive properties were measured, pol-
ing was carried out with a static electric field of more
than 500 V/mm along the c-axis at an elevated tempera-
ture of 80°C.

§3. Measurement System

The system for measuring the photorefractive proper-
ties is shown in Fig. 2. An Ar ion laser of A=514.5 nm,
monochromated with an ethalon, is employed as the light
source. The first polarization beam splitter (PBS) is used
as an attenuator. The second PBS splits the laser beam
into object and reference beams, where the power ratio
and the polarization directions of the two beams are
altered by the half wave plates located in front of and
behind the PBS, respectively. Here, two beams of extraor-
dinary polarization are incident on the fiber, with a cross-
ing angle of 26=21° in air, and co-propagate along the a-
axis, where the c-axis is perpendicular to the fiber axis.
We define the +c¢ poling direction as the direction from
the object beam toward the reference beam before the
beams are incident on the fiber, and the opposite direc-
tion as the —c poling direction. The object beam is inci-
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Fig. 2. Experimental configuration for holographic recording. The
chopper inserted in the object beam path enables the diffracted beam
to be detected during grating formation. The mirrors controlled by
the personal computer are used to measure angular sensitivity.
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dent on the fiber axis and the reference beam is incident
away from the fiber axis. The object and reference beams
are focused into the fiber with lenses whose focal lengths
are 300 mm and 1000 mm, respectively. The angle be-
tween the reference and object beams is changed, without
changing the point at which the two beams merge on the
front surface of the fiber, by rotating two mirrors with a
stage controller through a microcomputer. A silicon
photo-detector monitors the power of the transmitted ob-
ject beam, and its output is stored in a digital
oscilloscope. We insert a chopper in the path of the ob-
ject laser beam and cut the object beam to a sufficiently
short duration of 500 us with the period of 11 ms. By
measuring the diffracted beam power in this short time
duration, we can precisely monitor the holographic
grating formation. The diameters of the object and
reference beams are 280 yum and 590 pm, respectively, at
the incident plane. Generally, the strongest coupling can
be observed when the ratio of the two beams is 1 to 1.1
The reference beam power is likely to be reduced by reflec-
tion at the fiber surface and by scattering at the boundary
between the fiber and the resin, and the focused beam
diameter of the reference beam is two times larger than
that of the object beam, therefore we must increase the
reference beam power so that the effective reference
beam intensity is equal to that of the object beam. In our
experiments, a reference beam power 75 times larger than
that of the object beam was required in order to obtain
the strongest coupling between object and reference
beams. The effective reference beam power for grating
formation is regarded as being the same as the object
beam power in this paper.

§4. Results and Discussion

4.1 Grating formation

Figure 3 shows the time development of diffraction
efficiency at the beginning of laser exposure with various
object beam powers for a fiber whose cerium concentra-
tion, diameter, and length are 0.02%, 700 pm, and 1.5
mm, respectively. The diffraction efficiency is defined as
the ratio of diffracted beam power to transmitted object
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Fig. 3. Relation between diffraction efficiency and time with various
exposure powers. 20=21°. The time development of diffraction
efficiency is proportional to the square of time at the very beginning
of grating formation.
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beam power or to incident reference beam power (black
box diffraction efficiency). Each diffraction efficiency
develops in proportion to the square of the exposure time
at the very beginning of the exposure in an object beam
power range of 5.2-75.2 uW. The writing speed is rather
fast, and depends on the writing intensity. The diffrac-
tion efficiency for the transmitted object beam reaches
more than 40% at 50ms with an exposure power of
75.2x 2 uW. According to the Kogelnik’s theory,”” the
diffraction efficiency, #, is expressed as

B ad \  [Annd o

=P\ T os0) ¥ \ L cos )’ h
1

Anz M—nsrszsca (2)

2

where o is the absorption coefficient, A n is the refractive
index change, A is the wavelength of light, d is the length
of the crystal, 26 is the cross angle between object and
reference beam, 7 is the refractive index, r;; is the electro-
optic coefficient, and E is the space charge field in the
crystal. Ey is directly proportional to the product of the
light intensity and the time during which the light was ex-
posed,'” namely proportional to the energy used. Then
the diffraction efficiency, #, is proportional to the square
of the time at the beginning of grating formation. Our
results obtained with real-time monitoring by means of
the chopper inserted in the object beam path agree with
this theory very well at the very beginning of grating for-
mation.

4.2  Writing sensitivity

In Fig. 4 we plot the values of Y/t against the ex-
posure power (2% object beam power), where f is the
grating formation time, The values of w@/ ¢ which relate
to writing speed are obtained from the slope of the linear
function between vz and time at the very beginning of
grating formation. In two experiments with different pol-
ing directions (+c¢ and —c), there was little difference in
the writing speed. The writing speed increases linearly
with increases in exposure power.

The writing sensitivity, S,, at the beginning of grating
formation is defined as
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Fig. 4. v/t versus writing power. The values of Vz/¢ were derived
from the slope of the linear function between v and time at the very
beginning of grating formation.
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where W is the effective intensity for generating a
grating.'® Then, we can obtain the value of §,'=17
m J/cm?, which is derived from the slope of the line in Fig.
4, the values of «=3.9cm™", d=0.15 cm and the beam
area of 6.2x 107*cm? This value is fairly good com-
pared with other reported values such as 15 mJ/cm?® in
Ce:SBN and 50-1000 mJ/cm? in BaTiO; and LiNbQ;.'?
There is another possible way to improve writing sensitivi-
ty. Cerium ions are photoionized by means of the reac-

tion:??

Ce’t + hy—Ce*" +e~ (conduction band), 4

therefore, the number of cerium atoms which occupy the
Ce**t state is more important than their concentration.
Namely the valence state of the dopants contributing to
the photoionization process is more important than the
dopant concentration in the crystal. Actually, we can not
observe much difference in writing sensitivity between
0.05% and 0.02% Ce doped crystals. In addition, when
the crystals were annealed their writing sensitivity was
greatly reduced in our primary experiments. Therefore,
control of the valence state of the dopant will be the key
to further improvements in writing sensitivity.

4.3  Readout grating decay

Figure 5 shows readout decay curves for various
reading reference beam powers for the experiment where
—c¢ poling was used. This experiment and the measure-
ments of the grating formation process were carried out
simultaneously. The maximum diffraction efficiency at
each initial state is different, and so the diffraction inten-
sity is normalized by the initial value for each reading
power. Bach diffraction efficiency exhibits exponential
decay. Figure 6 shows the power dependence of the decay
rate which is defined as the inverse of the time during
which the initial diffraction intensity falls by 1/e. The
reading power is considered to be the same as the object
beam power so as not to underestimate the decay rate
although the reference beam power is actually 75 times
larger than the object beam power before they are inci-
dent on the fiber. The 40 pW decay rate is 10s~" for —c¢
poling. The decay rate increases linearly with increases in
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Fig. 5. Readout grating decay curve for various reading powers. Note
that the powers indicated in the graph are the actual reference beam
powers before being incident on the fiber and the effective reference
beam power is considered to be the same as the object beam power.
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Fig. 6. The relation between decay rate and reading power. Reading
power is considered to be the same as the object beam power. +c¢ and
—c represent opposite poling directions which relate to the arrange-
ment of the two beams.

reading power, and the decay rate for +c¢ poling is 2.7
times larger than that for —c¢ poling.

In a volume hologram, the reading beam can interfere
with its own diffracted beam. With photorefractive
volume holograms, the reading beam interferes construc-
tively or destructively with its own diffracted beam,
because there is a phase shift between the light in-
terference pattern and the recorded grating.!® This is
because a dynamic energy redistribution occurs between
the two recording beams during the grating formation
process. This means that one beam gains power from the
other beam. When we read the hologram stored in the
crystal, reversing the poling direction causes the beam to
either gain or lose power. Therefore, we observe a slower
decay rate with —c poling, where the diffracted beam
gains power from its reading beam in the same manner as
the writing grating, than with +c poling. The decay rate
we obtained, however, is unexpectedly fast even with —c¢
poling. The value of 10s™! at 40 uW reading power is
faster than that of bulk crystal. The corresponding
erasure sensitivity of 6.5 mJ/cm? is rather higher than
the reported value of 30-40 mJ/cm?.' This difference in
decay rate is not presently understood. Imperfect poling
in the fiber crystal may affect this difference.

4.4 Angular sensitivity

Figure 7 shows the angular sensitivity at the cross angle
of 21°. The angle of the readout reference beam is pre-
cisely changed from left to right by 2 mrad on the basis
of the writing angle of the reference beam. The angular
sensitivity shown by the half width of this curve is 1.5
mrad. According to Kogelnik’s theory,?" the angular sen-
sitivity can be approximated by

A A
“d 2dsing’
where, A6 is the spectral bandwidth where diffraction in-
tensity falls by 1/2, A is the grating spacing, and A is the
wavelength. In our case, the calculated value of A6 is

0.94 mrad with A=514.5 nm, 6=10.5°, d=1.5 mm. The
measured value is slightly larger than the theoretical one.

A6 &)
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Fig. 7. Relation between diffraction intensity and reference (reading)
beam angle deviation. The angular sensitivity defined as the half
width of the spectrum is 1.5 mrad.

This is due to the beam divergence resulting from the use
of a focused laser beam and the low optical quality of the
crystal fiber.

The recording density in volume holographic memory
is related to the number of holograms which can be
superimposed in a given volume of the crystal, and this is
limited by angular sensitivity. With an angular sensitivity
of 1.5 mrad and a 1.5 mm long fiber, in principle more
than 500 holograms can be superimposed with an angular
variation of 45° in one dimension in a fiber less than 1
mm in diameter. The merit of the fiber type hologram is
the improvement in angular sensitivity due to the
lengthening of the effective interaction length by means
of multireflection in the fiber. When we use a 1 cm-long
fiber, more than 3000 holograms can be superimposed in
the fiber. It should be noted that we must determine the
optimum dopant concentration so as to fulfill the re-
quirements for both writing sensitivity and superimposi-
tion, since the diffraction efficiency decreases due to light
absorption with increases in fiber length.

4.5 Image recording

Figure 8 shows a reconstructed image stored in
Ce:0.05% doped SBN fiber, with a diameter of 250 pm
and a length of 1 mm. A chromium coated image mask,

Fig. 8. Reconstructed image of ‘NTT’, stored in a Ce doped SBN
a-axis single crystal fiber, 250 um in diameter and 1 mm long.
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5% 10 mm in size, was inserted in the object beam path.
The reconstructed image quality is rather bad. The SBN
fiber we used had a crack in the direction perpendicular
to the c-axis and seemed to have considerabie internal
stress based on cobservation with a polarizing
microscope, therefore even the transmitted image quality
without beam coupling was rather bad. The scattering on
the surface between the SBN fiber and the surrounding
resin also may have spoiled the image quality. The
removal of internal stress to improve image quality could
be one of the most important areas of work on the
growth of photorefractive single crystal fiber.

4.6 Comparison with c-axis fiber hologram

The SBN crystal has large electro-optic coefficients of
ry and 5. This means that the grating vector must be
parallel or almost parallel to the c-axis to obtain a larger
photorefractive effect. Therefore, laser beams must be in-
put into the g-axis fiber from the same side {(co-pro-
pagating type) and into the c-axis fiber from the opposite
side {counter-propagating type). In such arrangements,
we can effectively use the electro-optic coefficient of 33 in
the g-axis fiber and ry; in the c-axis fiber. The relevant
figure of merit Q (=r/n.€) of the g-axis fiber is larger
than that of the c-axis fiber, mainly because ry; is about
four times larger than i3, where rer, 7, and ¢ are the rele-
vant electro-optic coefficient, relevant refractive index
and relevant dielectric constant, respectively. 2%

Moreover the grating spacing of a c-axis fiber
hologram is much smaller (typically less than 0.15 pm)
than that of an g-axis hologram (typically more than 1
pum). With such a difference in the grating spacing, the
space charge field in the c-axis fiber is smaller than that in
the g-axis fiber.?” Since larger figures of merit and the
larger space charge fields produce larger refractive index
changes, as shown in equations (1), (2), the writing sen-
sitivity in g-axis fiber should be superior to that of c-axis
fiber. Actually, O is about two times larger in g-axis fiber
than in c-axis fiber in our calculation, and the experimen-
tal results show that the grating formation speed is four
times faster than that of c-axis fiber.”® In addition, an
external electric field, which leads to improved writing
sensitivity, is easily applied to g-axis crystal fiber perpen-
dicular to the light propagating direction, and the re-
quired applied voltage is about 1 order less than that
required for c-axis fiber.

On the other hand, the superimposition in g-axis fiber
is inferior to that in c-axis fiber because we can use all
solid angles for writing in the c-axis fiber due to the uni-
que arrangement between the c-axis and both two writing
beams, independent of incident solid angles. In the g-axis
fiber, however, only one direction, the c-axis direction,
can be used effectively. The choice of fiber will depend on
the system employed.

Y. SUGIYAMA et al.

§5. Conclusion

We grew g-axis SBN single crystal fibers by the laser
heated pedestal growth method. The grating formation
process was successfully analyzed by means of a method
using a chopper inserted object beam path. We found
that the writing sensitivity and the angular sensitivity in
the fiber was fairly good, but the decay rate was unex-
pectedly fast. Further investigation to improve fiber
crystal quality, mainly by reducing internal stress, is re-
quired to refine image quality. The results show that
cerium doped SBN ¢-axis single crystal fiber can be used
as a holographic recording medium with high writing sen-
sitivity.
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