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Abstract 

A photorefractive strong volume hologram by using anisotropic diffraction in a normal-cut BaTQ is proposed and demon- 
strated, Ex~~mentaI measurements fit the theoretical calculations well by using Kogelnik’s formula with unclamped E-O 
c~f~cients. The maximum refractive index ~~urbation in the experiment is larger than 2.7X 10w4. In addition, we have 
observed that the output of the diffracted light are concentric circles. This pattern is shown as a good guide of the estimation of 
how large the refractive index pe~urbation is. The Bragg condition of the anisotropic strong volume hologram is so strict that 
an image-carried hologram cannot be directly read out. We proposed an address image method by erasure for solving this 
problem. Through this method, this anisotropic strong volume hologram has some potential for optical image storage. 

1. Introduction 

Photorefractive crystals have been extensivdy stud- 
ied for their potential applications of optical storage 
and real-time information processing which include 
optical correlation, phase conjugation, optical comput- 
ing and interconnections [ l-41. Inside a photorefrac- 
tive crystal, holograms would have different 
ch~acteristics for different writing conditions which 
induce different applications. In the steady state, the 
diffraction efficiency of a photorefractive grating can 
be treated as a fixed volume hologram that is described 
by Kogelnik’s formula [ 51, 

(1) 

Where An is the ~plitude of the refractive index 
change, d is the thickness of the hologram, 8 is the 
incident angle of the probe beam inside the crystal, X 
is its wavelength and al is the absorption coefficient. 

Eq. ( 1) shows that the diffraction efficiency is a peri- 
odic function of the coupling parameter which is the 
product of the refractive index change and the inter- 
action length. When the incident lights interfere inside 
a photorefractive crystal, the photo-excited charges are 
redistributed through the diffusion and/or drift proc- 
esses. Then the space charge field is built and it leads 
to a refractive index change through the Pockels effect 
(simplified as E-O effect) [ 61. The amplitude of the 
refractive index ~~urbation is [7] 

An= - 4n3y,NGC9 (2) 

where An is the amplitude of index perturbation, m is 
the light modulation depth, n is the background refrac- 
tive index, T,_~~ is the effective E-O coefficient and ES, 
is the ~plitude of the space charge field. In BaTi03, 
the diffusion field is dominant for the cons~ction of 
space charge field and can be expressed as [ 81 

(3) 
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Fig. I. The wave vector diagram of the diff~ctio~ in BaTi@ of 
which the optic axis lies on the incident plane. 

where 

ZCn is Boltzmann’s constant, T is the temperat~e, 
4 = 1.6 X 10 - t9 C, N is the effective trap density, e0 is 
the dielectric constant in the direction of the grating 
vector and Kg is the amplitude of the grating vector. 
Eq. (2) shows that An depends on the space charge 
field, the modulation depth and the effective E-O eoef- 
ficient. Therefore, a crystal such as BaTi& which has 
a large effective E-O coefficient may be constructed 
for a high dif~action efficiency. In general, when the 
optic axis lies on the incident plane, and an extraordi- 
narily polarized beam is used as the reading beam, the 
effective E-O coefficient can be expressed as [ 93 

cosp 
Yeff = n,n3 cosff, 

($y,, since, sin LU, 

f 2&z yd2 sin2j3 + nz y33 cosq cosfftJ , (5) 

as shown in Fig. 1, where cr,, (Y,, and /3 are the angles 
of the reading beam, diffraction beam and the grating 
vector inside the crystal, respectively. All the angIes 
are with respect to the normal of the optic axis. n,, n, 
are the re~active indices of ordin~ily and extraordi- 
narily polarized beams. y13, y33 and y42 are the nonzero 
E-O elements of BaTi03 and y42 is the largest one. Fig. 
2 shows a theoretical calculation of An as a function of 
both the full incident angles of the reading beams and 
the angle of the grating vector inside the crystal. The 
parameters for the calculations are y13 =28 pm/V, 
y33 = 80 pm/V and yd2 = 1640 pm/V [S], E, = 105, 
~~“4300, n,=2.488, n,=2.424 at h-514.5 nm 
[10],and~~2X10*6~m-3 [8] while~=3~K.As 

shown in Fig. 1, 8 is the full incident angle. #Y? and 8 are 
defined as 

P-I I(%-+%) , (61 

8=ag-cy,. (7) 

The maximum An can be found in the condition that 
the grating angle lies between 30” and 50” with small 
full incident angles between the incident beam and the 
diffracted beam [ 111. fn general, a nodal-gut single 
crystal has difficulty in satisfying the required condi- 
tions. A strong volume hologram in which An reaches 
1.67 X 10e4 has been reported in a 30”-cut BaTiO, for 
its large effective E-O coefficient [ 121. In this paper, 
we ~rnons~a~d an anisotropic strong volume holo- 
gram ( ASVH) in a normal-cut BaTiO, with the optic 
axis normal to the incident plane. Potential applications 
of this strong volume hologram will be proposed and 
discussed. 

2. Anisotropic strong volume hologram 

The wave vector diagram for anisotropic diffraction 
is shown in Fig. 3. As shown in the figure, the writing 
beams I, and Z, are ordin~iIy polarized to avoid beam 
fanning and the wavelength is 514.5 nm. The reading 
beam is extraordinarily polarized and the wavelength 
is 633 nm. As a result, an ordinarily polarized beam Z, 
is dif~acted under the Bragg condition. The effective 
grating vector has to satisfy the boundary condition for 
momentum conservation [ 13 ] as 

k(n, -n,) <Kp<k(n,+ne) , (8) 

where k is the wave number in vacuum. There are two 
special characteristics of the anisotropic strong volume 
hologram. First, the coupling between the writing 
beams is forbidden due to the effective E-O coefficient 
being zero. Second, the po~~izations of the reading 
beam and the diffracted beam are orthogonal so that no 
photorefractive grating is generated by them; besides, 
weak coupling through the photogalvanic effect can be 
neglected [ 141. Therefore, only one dominant Bragg- 
matched grating exists in the hologram as shown in Fig. 
3 and no other grating contributes to the coupling f 1.5 1. 
The effective E-O coefficient of anisotropic diffraction 
in BaTiO,, is [ 161 
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Fig. 2. Theoretical calculation of An as a function of Bragg-matched incident angles of the reading beam (incident angles 1) and the diffraction 
beam (incident angles 2) with an ex~aor~n~ polarization in BaTiO, of which the optic axis lies on the incident plane. The maximum An is 
obtained when the incident angles are 41” and 46”. respectively. 

xff = w,2ydn3 . (9) 

In Eq. (9), the effective E-O coefficient is inde~ndent 
on the reading angle. Fig. 4 shows the theoretical cal- 
culations of An and the corresponding diffraction effi- 
ciency with respect to the Bragg-matched reading angle 

by using Eqs. ( l)-(4) and (9). The parameters for the 
calculations are n, = 2.42 and n, = 2.36 at A = 633 nm 
[lo]. The figure shows that both An and the corre- 
sponding diffraction efficiency are functions of the 
reading angles. This is because the space charge field 

depends on the amplitude of the grating vector as shown 
in Eq. (3). And as shown in Fig. 3, the special Bragg 

condition induces that each amplitude of the grating 
vector corresponds to a specific Bragg-matched reading 
angle. 

3. The experiment and discussions 

The schematic diagram of the experimental setup is 
shown in Fig. 5. Two writing beams were derived from 
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Fig. 3. The wave vector diagram of the anisotropic diffraction. Ks is 

the grating vector written by I, and I*. I, and Id are the Bragg-matched 

writing beam and diffracted beam. KU,, K,, and K02 are the wave 

numbers of the writing beam, reading beam and diffracted beam, 

respectively. 
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Reading angles inside the crystal [degrees] 

Fig. 4. Curve A: the theoretical calculation of An as a function of 

Bragg-matched reading angles inside the crystal. Curve B: the nor- 

malized diffraction efficiency corresponding to curve A with the 

crystal length 6.6 mm. 

an Innova 90-5 argon-ion laser with TEM, at A = 5 14.5 
nm in ordinary polarization. The reading beam was 
derived from an HeNe laser in extraordinary polariza- 
tion. The total intensities of the writing beams were 700 

mW/cm’, and the reading beam was 5 mW/cm*. The 

dimension of the crystal was 6.6X6.6X7 mm3 
(a X b X c). The incident angle of the reading beam 
was Bragg-matched by adjusting the micropositioner 

of the mirror to reach the maximum diffraction effi- 

ciency under small modulation depths (m +c 1). Then 

the beam ratio was adjusted to 1: 1. It can be observed 

that the output pattern consisted of concentric circles 

as shown in Fig. 6. This pattern was caused by different 
effective grating thicknesses for different parts of the 

reading beam. The diameter of the writing beams are 
both 2.5 mm. They cannot cover the whole crystal and 

the grating in a rhomb-like region along the crystal. In 

the experiment, only the central portion of the reading 
beam is adjusted to read the thickest portion of the 

grating. Therefore the central portion of the diffraction 

beam gets the largest coupling strength. In contrast, the 

outer portion of the diffraction pattern corresponds to 
the shorter grating thickness and the smaller coupling 

strength. Thus the concentric circles can be easily 
understood when we apply Eq. ( 1). If the coupling 

strength An d is large enough such that the argument 
reaches several times the period of the sin* function, a 
decrease of An d from the central part to the outer part 

will induce a corresponding intensity oscillation of the 

h-514.5 nm 

X=632.8 nm BaTiOs 

Fig. 5. The schematic diagram of the experimental setup, where fh 

is the half wave plate, PBS the polarized beam splitter, M the mirror. 

L the lens and IR the iris. Fig. 6. The output of the diffraction light are concentric circles. 
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Fig. 7. The temporal behavior of the diffraction efficiency when the 
reading angle inside the crystal is 8.1”. The oscillation is caused by 
the decay fo the grating strength. The intensity of the reading beam 
is 5 mW/cm’-. 
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Fig. 8. Experimental measutements of An vs. the Bragg-matched 
reading angles. The solid line gives the corresponding theoretical 
calculations. 

Fig. 9. The wave vector diagram of the anisotropic diffraction. The 
image-carried gratings cannot be read out by a plane wave because 
all the Bragg conditions cannot be fully satisfied at the same time. 

diffraction pattern. Therefore, the number of concentric 
circles can show how large Alnd was in the experiment. 
It is interesting that the concentric circle offers a guide 
of how large the refractive index perturbation was. 
Because only the central part of the output pattern was 
needed for measuring the maximum An, an iris was 
used to block the outer portion of the output. After the 
grating had reached a steady state, the writing beams 
were turned off abruptly, and the grating was erased by 
the reading beam. According to Eq. ( 1) , the diffraction 
intensity will oscillate as the grating decays. The tem- 
poral behavior o the diffraction efficiency was recorded 
and shown in Fig. 7. In the figure the number of oscil- 
lations in the diffraction efficiency can be used to cal- 
culate the corresponding An by using Eq. ( 1), and An 
can be obtained in the experiment. Fig. 7 shows the 
theoretical calcuiations of An corresponding to the 
ex~rimen~i me~u~ments. It is seen from the figure 
that the ex~rimental results fit the theoretical calcu- 
lations well by using the uncl~~d parameters. The 
m~imum refractive index ~rt~bation is larger than 
2.7X 10w4. Two conclusions from the above experi- 
mental measurements are discussed in the following. 
First, Fig. 8 shows that the diffraction efficiency of the 
photorefractive grating can be well predicted by using 
Kogelnik’s formula. This is caused by the inhibition of 
the coupling between two writing beams. On the other 
hand, the diffracted and reading beams do not generate 
another dominant grating. Therefore, it can be said that 
only one grating exists. This is different from most 
conditions in the photorefractive crystal. Second, the 
experimental data show that such an operation is in an 
unclamped condition. 

4. The potential application 

After the discovery of fixing holograms in BaTi03 
[ 171, BaTiO, has some potential for optical data stor- 
age because of its large refractive index perturbation. 
It may allow a high storage capacity [ 121. We have 
shown that ASVHs indeed exist when the optic axis is 
normal to the incident plane. Therefore, it is possible 
to use the ASVH as a high optical storage capacity 
device. But the strict Bragg condition makes it difficult 
to read out the info~ation from the hologram. It is 
easy to see from Fig. 9 that a plane-wave reading beam 
cannot fully satisfy all the Bragg conditions of an 
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Fig. 10. The principle of the EMHA method. The image hologram 
is not written directly but is erased by using an incoherent image- 
carried light. The noner~ing portion keeps the unit grating vector 
and can be read out. The output will be the replica of the incoherent 
input image. 

image-baling volume hologram at the same time. To 
solve this problem, we proposed here an erasing-rn~e 
hologram address (simplified EMHA) method which 
is shown in Fig. 10. In the MAIIA method, the infor- 
mation is no& carried by the writing beams. In contrast, 
an image-cab light is used to erase the grating which 
is written by two incident beams without carrying any 
image. The nonerasure part of the grating keeps the unit 
grating vector and the erased grating can be read out 

by a plane wave. In general, the diffraction light has a 
negative replica of the input image. The EMHA method 
is very similar to the method used for the photorefrative 
incoherent”to~~oherentopti~al~onverter (PICOC), but 
here EMHA is used for optical storage instead of optical 
conv~~ion. In comp~ison with each other, the amhi- 
tectures are similar but the principles are different. In 
the case of a high capacity optical storage, multipie 
exposure must make the final diffraction efficiency to 
be always below the first peak of Eq. (1). The read- 
out pattern is always a negative replica of the input 
image. It is different when a strong volume hologram 
is used: the output image may be a negative or positive 
replica of the input image [ I 81. It depends on how 
large the refractive index perturbation is. Fig. 11 shows 
an output image which is operated when the diffraction 
efficiency of the writing grating is within the first high- 
est and the first lowest ones. The image is therefore 
stored inside the crystal in a positive replica of the input 
image. 

We have proposed and demonstrated an anisotropic 
strong volume hologram. In the experiments, a refrac- 

Fig. 1 I. (a) The image is stored inside the crystal. (b) The read-out image is a positive replica of the input image by operating the strength of 
the bojogrnm so that the diffraction efficiency is between the first maximum and minimum. 



C.-C. Sun et al. /Optics Communications 119 (1995) 597403 603 

tive index perturbation of more than 2.7 X IO-’ was 
observed in a 6.6 mm thick normal-cut BaTi03. The 
output light consisted of concentric circles, which was 
shown as a good guide for estimating how large the 
refractive index perturbation is. The measurements of 
the diffraction efficiency fitted well with the theoretical 
calculations with unclamped values of the E-O coeffi- 
cients. On the other hand, for solving the strict Bragg 
condition of reading the hologram we have proposed 
an EMHA method. ft is sui~bleespeci~ly for the appli- 
cation of optical storage in anisotropic diffraction. 
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