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Abstract: A monochromatic intensity distribution is en-
coded as modulation of the induced birefringence of a BSO
crystal. In the read-out step, white light is employed and the
birefringence modulation is transformed into a color modu-
lation of the reconstructed image. The color associated to
each point of the image at the output plane depends on both
the birefringence modulation and the pass plane orientation
of an analyzer. Experimental results are shown.
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1. Introduction

Photorefractive crystals have been widely used in dy-
namic holography, light amplification, optical conjuga-
tion, optical signal processing [1, 2] and employed as
spatial light modulators [3–6]. These materials are well
suited for such applications because of their ability to
encode light intensity distributions as a recyclable re-
fractive index patterns. In particular, the sillenite
photorefractive crystals (BSO, BGO, BTO) are fast
and sensitive materials quite adequate for real time
procedures.
The aim of this work is to analyze the color features

of the image reconstructed by a white light source
when an input transparency is stored in the photore-
fractive BSO crystal. The write-in monochromatic and
spatially incoherent intensity distribution received by
the crystal modulates its induced birefringence. As it is
well known, the resulting elliptical birefringence de-
pends on the crystal parameters (thickness, applied
voltage, rotatory power) and the intensity distribution
received. In the read-out step, white light is employed
and the birefringence modulation is transformed into a

color modulation of the reconstructed image. The color
associated to each point at the output plane depends
on both the birefringence modulation and the pass
plane orientation of an analyzer. In the following sec-
tions the experimental set-up, the theoretical model
and the experimental results are presented.

2. Description of the set-up and physical model

Let us consider the experimental arrangement of fig. 1.
An input transparency T is illuminated by a white light
source S1 through the condenser lens L1. An interfer-
ence filter centered at the wavelength lG ¼ 530 nm is
placed in front of S1. At this wavelength the BSO crys-
tal exhibits a strong photoconductivity. The lens L2

images the input transparency into the crystal. The di-
rections h�1110i, h001i and h110i of the crystal coincide
with the laboratory axesX, Y, Z and its linear dimensions
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Fig. 1. Experimental set-up. S1 and S2: white light source, FG:
interferencial green filter; L1: condenser lens; T: transparency;
BS: beam splitter; P1 and P2: linear polarizers; L2 and L3: ima-
ging lenses; P: image plane.



are LX, LY and LZ, respectively. Let us introduce the
physical mechanism by which the input image is stored
(write-in process). The crystal exhibits the linear elec-
tro-optic effect. It means that when a voltage V is ap-
plied between the (110) faces, which are separated
each other a distance LX, it becomes uniformly bire-

fringent due to the external field Ea ¼
V

LX
. The inten-

sity distribution imaged onto the crystal creates photo-
charges that drift in the field Ea into the dark regions
where they are trapped. These charges develop a space
charge field ESC that partially compensates the exter-
nal field in the illuminated areas. The resulting space
charge field gives rise to an electric field, which pertur-
bates locally the refractive index via the electro-optic
effect.
In the following we concentrate on a particular input

to be stored. We consider that the intensity pattern re-
ceived by the crystal is:

IiðxÞ ¼ I0
1
2
þ
P1
m¼1

sin ðpm=2Þ
pm=2

cos 2pm
x

d

� �� �
¼ I0 � tðxÞ

ð1Þ
which represents a Ronchi grating of period d. Note
that t(x) is the normalized intensity distribution where
x is the spatial variable. Then, to compute the total
internal field E in the crystal a single spatial variable
approach is employed [1, 7]. The generation rate of
photocharges is proportional to the light pattern re-
ceived by the crystal. Besides, diffusion of photo-
charges can be neglected because of the smoothed var-
iation of the input intensity Ii(x) in a microscopic scale,
when considering the relative large period of the grat-
ing to be employed. Also, the photoinduced space
charge field ESC must fulfill:

ÐLx=2

	Lx=2

ESCðxÞ dx ¼ 0 ð2Þ

where x is a spatial variable. Furthermore, in the stea-
dy state situation, a constant current density is of con-
cern. The time required for these space charges to
build up the field depends on the efficiency of the
photoinduced charge transport. This transient stage re-
quires few seconds under the conditions of our work.
Afterwards, the steady state situation with a constant
current density is reached. Under these assumptions
the total internal field results [6]:

EðxÞ ¼ V

ðLx=2

	Lx=2

dx
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ð3Þ

where ND is the density contribution of the free-
charges in the dark, t is the free-carrier lifetime, Ii(x)

the light pattern received by the crystal and g0 ¼
axI0
hn

(where a is the intensity absorption, x is the quantum
efficiency, hn is the photon energy of the light and I0 is
the highest intensity value).
In our arrangement, the applied electric field direc-

tion coincides with the X-axis and the induced birefrin-
gence modulation dn results [6]:

dnðxÞ ¼ n30r41EðxÞ ð4Þ
where r41 is the electro-optic coefficient (we used
r41 ¼ 3:42 � 10	10 cm=V [8]) and n0 is the refractive in-
dex at lG without applied field.
In the read-out process, polarized white light is em-

ployed. At the crystal output an analyzer P2 is intro-
duced and its pass-plane forms an angle b with respect
to the X-axis. The BSO crystal exhibits rotatory power
per unit length qðl) which combines with the induced
birefringence modulation dn(x). In this case, the Jones
polarization transfer matrix is given by [9]:

WC ¼ cos D 	 i sin w � sin D 	cos w � sin D
cos w � sin D cos D þ i sin w � sin D

� �
ð5Þ

where:

D ¼ Dðx;V; lÞ ¼ LZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðlÞ2 þ j2ðx;VÞ

4

r
;

w ¼ wðx;V; lÞ ¼ tan 	1 jðx;V; lÞ
2rðlÞ

� �
; ð6Þ

jðx;V; lÞ ¼ 2p

l
dnðx;VÞ ¼ 2p

l
n30r41Eðx;VÞ

and LZ is the crystal thickness and l is wavelength of the
read-out beam. The transfer matrix WC is written in the
induced axes X and Y which form an angle of 45
 with
the axes X and Y respectively. It should be emphasized
that the rotatory power of the BSO crystal depends on
the wavelength employed as shown in fig. 2 [10].
The matrix WC governs the polarization transfer

characteristics of the crystal by the relation:

A* ¼ WC �A*in ð7Þ

where A*in, A are the polarization state vectors of light
entering and exiting the crystal respectively. Both vec-
tors are referred to the induced axes X0 and Y0.

In our experimental conditions t
g0
ND

� 1. Besides,

the crystal receives a stripe-like illumination. Under this
assumptions and by taking into account eq. (6) the re-
sulting internal field distributes itself periodically. In
particular, in the bright striped areas the total internal
field drops to a negligible value in comparison with the
magnitude of the field in the dark regions where it in-
creases beyond the external applied valueEa (E  2Ea).
As a consequence, the induced birefringence results:

dnðx;VÞ ¼
dn1 ¼ 0 if tðxÞ ¼ 1

dn2 ¼ 2n30r41
V

LX
if tðxÞ ¼ 0 :

8<
: ð8Þ

470 M. Tebaldi et al., White light reconstruction of a transparency registered in a BSO crystal



It is clear that the birefringence dn(x) and the light
pattern Ii(x) have the same spatial period d. Therefore,
the input transparency is registered in the crystal as
modulation of birefringence.
Let us use vertically polarized light in the read-out

process. Then, by taking into account eqs. (5), (6), (7)
and (8), the resulting amplitude A(x, V, l) that
emerges from the crystal, referred to the laboratory
axis (XYZ), can be expressed as:

Aðx;V; lÞ ¼ Að1ÞðlÞ � tðxÞ þAð2ÞðV; lÞ � t x	 d

2

� �� �
ð9Þ

where t(x) represents a Ronchi grating (see eq. (4))
and the amplitudes:

Að1ÞðlÞ ¼ Að1Þ
X ðlÞ

Að1Þ
Y ðlÞ

 !
¼ 	sin ðrðlÞ LZÞ

cos ðrðlÞ LZÞ

� �
ð10Þ

and

Að2ÞðV; lÞ ¼ Að2Þ
X ðV; lÞ

Að2Þ
Y ðV; lÞ

 !
¼ 	sin DðV; lÞ � eiwðV; lÞ

cos DðV; lÞ

� �

ð11Þ
are associated to the write-in bright and dark regions
of the crystal, respectively. By considering the resulting
amplitude and the Jones matrix of the polarizer [10],
the intensity distribution at the image plane emerging
from the analyzer P2 (see fig. 1) results [6]:

Iðx;V; l; bÞ ¼ Ið1Þðl; bÞ � tðxÞ þ Ið2ÞðV; l; bÞ � t x	 d

2

� �� �
ð12Þ

where:

Ið1Þðl; bÞ ¼ 1
2 ½1	 cos ð2rðlÞ LZÞ � cos ð2bÞ
	 sin ð2rðlÞ LZÞ � sin ð2bÞ� ð13aÞ

Ið2ÞðV; l; bÞ ¼ 1
2 ½1	 cos ð2DðV; lÞÞ � cos ð2bÞ
	sin ð2DðV; lÞÞ � sin ð2bÞ � cos ðwðV; lÞÞ�

ð13bÞ

where the angle b gives the orientation of the pass-
plane of P2 with respect to the X-axis.
It is clear that the output intensity depends on the

read-out wavelength. That is, at each point, each spec-
tral component of the white light source emerges from
the crystal with a determined ellipticity. Therefore, the
light passing through the analyzer will exhibit a maxi-
mum at the wavelength component whose polarization
state is better transmitted by the analyzer. An exami-
nation of eqs. (13a) and (13b) reveals that the spectral
behavior in the bright regions is different from that in
the dark regions. In our calculations a rotatory power
versus wavelength dependence as depicted in fig. 2 is
employed. Also, we consider a BSO crystal of dimen-
sions LX ¼ LY ¼ 10 mm and LZ ¼ 6 mm and an ap-
plied voltage V ¼ 8 kV. These values correspond with
those of the experimental procedures.
Those parts of the read-out beam passing through

the crystal regions where dn1 ¼ 0, have a spectral de-
pendence for two selected orientations of the analyzer
pass-plane as depicted in fig. 3a). These curves are ob-
tained by using eq. (13a) (I(1)) that corresponds to the
bright regions of the input grating. Besides, the spec-
tral behavior of the dark regions (fig. 3b)) is obtained
by using eq. (13b) (I(2)).
In fig. 3a) and 3b), the dashed and solid curves are

calculated by using b ¼ 30
 and b ¼ 120
, respectively.
Note that the dashed curve of the illuminated region in
the write-in process is centered at l ¼ 650 nm and the
dashed curve of the dark region is centered at
l ¼ 505 nm. By the other hand, the solid curve
(b ¼ 120
) of fig. 3a) is centered at l ¼ 610 nm while
the dashed curve of fig. 3b) is centered at l ¼ 530 nm.
That is, at these particular values of b the recon-
structed images invert their colors. It is clear that by
changing the value of b, the spectral region corre-
sponding to the bright and dark areas will change ac-
cordingly.
In summary, the imaged input grating generates in

the crystal a stripe-like birefringence distribution asso-
ciated with the amplitudes A(1) and A(2) that in turn
brings a colored transmitted beam when the white
read-out light emerges from the crystal. It is clear that
the pseudocolor reconstructed grating has the same
spatial period d as the input transparency.
The absorption of the crystal depends on various

parameters like purity, strain free nature, etc. The ab-
sorbance of the BSO crystal employed in our experi-
ment is measured by using a spectrophotometer Beck-
man DU60 that operates between 200 nm and 900 nm.
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Fig. 2. Rotatory power of the BSO crystal as a function of the
wavelength.



The curve is shown in fig. 4 and it is apparent that
a470 nm is 100 times a>530 nm. Besides, an spectral range
between 470 nm and 700 nm is considered in the theo-
retical curves shown in fig. 3.
On this basis, in many applications two different wa-

velengths lG (for instance 514 nm) and lR (for in-
stance 633 nm) are employed, providing that the opti-
cal absorption (a) of the crystal behaves so that
aðlGÞ � aðlRÞ. The photorefractive process at the wa-
velength lR is negligible in comparison with the photo-
refractive response at lG. Then, the wavelength lG in-
duces a refractive index perturbation and this
information can read-out by employing the wavelength
lR without introducing significant changes.
It means that in our case a broad band read-out

source of bandwidth 530 nm–700 nm should be em-
ployed otherwise the encoded birefringence modulation
that stores the input could be erased. Nevertheless, such
source could limit the performance of the processor be-
cause the blue-green region is missed. To avoid this si-
tuation a low power white light source for the read-out

process is utilized. Also, mechanical chopper is used to
alternate the write-in and the read-out process keeping
the stored signal at a steady level. Moreover, this device
avoids the superposition of both sources and to alter the
pseudocolor hue values of the final image.
Experiments are carried out to verify the theoretical

analysis. The reconstructed grating for two orientation
of the analyzer is shown in fig. 5. In the experiments, a
BSO crystal of dimensions LX ¼ LY ¼ 10 mm and
LZ ¼ 6 mm is used and a voltage V ¼ 8 kV is applied
in the (110) faces of the crystal. At the write-in and
read-out processes a spatially incoherent white light
source is used. A green interference filter is located at
the output of the source in the write-in step. A lens L3

forms an image of the crystal at the output plane (P
plane) and the encoded input is converted in intensity
transmission by means of an analyzer P2. There, a
pseudocoloring version of the transparency as depicted
in fig. 5a) and 5b) is displayed. The input transparency
is black and white and two colors can be distinguished
at the output. The induced birefringence depends on
the write in illumination and the applied voltage
through the space charge field. Then, the reconstructed
color depends on the mentioned parameters and the
analyzer orientations which coincide in fig. 5a) and 5b)
with the corresponding orientations employed in the
curves of fig. 3. Then, by comparing the theoretical
analysis and the experimental results, it is apparently a
good agreement in the resulting colors corresponding
to the illuminated and dark write-in region.
As stated above, by rotating the analyzer it is possi-

ble to control the color of the output image. To show
this feature, in fig. 6 is displayed the reconstructed im-
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Fig. 3. Theoretical curves of the spectral dependence of the
read-out beam passing through the crystal for two orientations
of the analyzer pass-plane b == 30
 and b == 120
 and for: a)
bright regions of the input grating b) dark regions of the input
grating.

Fig. 4. Absorbance of the BSO crystal employed in our experi-
mental arrangement.
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a) b)

Fig. 5. Reconstructed grating for the orientation of the analyzer P2 given in fig. 3, b == 30� and b == 120�.

a) b) c)

d) e) f)

Fig. 6. Reconstructed images for six orientations of the analyzer P2.

a) b)

Fig. 7. Reconstructed images of the transparency consisting of a sequence of three parallel fringes with different gray levels.



age for six orientations of the analyzer. In fig. 6f) the
pass plane of the analyzer has been rotated 180� re-
lated to fig. 6a).
Note that in the cases detailed above the transparen-

cies are bipolar (black and white) and therefore the
crystal has two birefringence values. Nevertheless, our
analysis can be extended to gray level images. In this
case, it will result several birefringence values each one
associated to the write-in gray level. In fig. 7 is dis-
played a pseudocolored image of a transparency con-
sisting of a sequence of three parallel fringes with dif-
ferent gray levels. Each color corresponds to a
determined gray level for a fixed analyzer orientation.

3. Conclusion

As it is well known the pseudocoloring of gray level
information is a technique of introducing false colors
into a black and white image. A new approach that
employs a photorefractive crystal for pseudocoloring
operations is proposed. A monochromatic spatial inco-
herent input is stored in the crystal as modulation of
the induced birefringence. Therefore each birefrin-
gence value is associated to a determined gray level
input. In the case of a binary image, the birefringence
encoding produces two color states when is read out
with polarized white light. Moreover, by using a gray
level transparency, it will result several birefringence
values each one associated to a determined write-in
gray level. Taking into account that the induced bire-
fringence depends on the write-in intensity distribution
and the applied voltage through the space charge field,
a suitable combination of these parameters and the
analyzer orientation is necessary to obtain a prescribed
color at the output. The theoretical analysis agrees
with the experimental results as can be observed from
fig. 3 and fig. 5. It should be mentioned that, the write-

in and read-out process are simultaneously carried out
within response times suitable to utilize the system as a
real time optical processor. Notice that this arrange-
ment depicts the input transparency by coding it in
false colors without using spatial filters.
Finally, this pseudocolor method could be useful to

analyze the local birefringence generated in the crystal
through the color reconstructed.
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