. September 15, 1996 / Vol. 21, No. 18 / OPTICS LETTERS -

.1499

it .Optlcal F ourier processmg usmg photﬂlﬂdﬂGEd
o dlchroxsm in a bactermrhodopsm fllm

T Ioby}oseph F. ] Aranda, andD.V.G.L.N. Rao _
' Department of Physrcs Umvers;!zy of Massachusetts Boston Massacbusetts 02125

" J. A. Akkara and M. Nakashlma _
S U8 Army Natick Research, Development cmd Enameermg C'enter Naiick, Massucbusetts 01 7’60 s

Recelved May 1, 1996

The photomduced dichroism in bacteriothodopsin films has been investigated in view of its apphcatwn for
optical Fourier processing. A simple optical system for Fourier processing is demonstrated that does not .
. require precise alignment and vibration isolation. 'The basic prmmple of operation relies on the intensity
. dependence of photoinduced dichroism in .a bacteriorhodopsin film. = Experimental results with. Fourier

processmg are shown for edge enhancement

The optical Fourier transform ie a powerful tool in
optical ecomputing - and processing systems.? Use
of nonlinear-optical materials for the implementa-
tion of Fourier-transform operations such as edge
enhancement, bandpass = filtering, noise. removal,
and pattern recognition®! is well established. The
parallel-processing nature of optics and the real-time

characteristics. of many nonlinear-optical materials

contribute to the importance of optical Fourier pro-
cessing with - nonlinear materials. Photorefractive
materials are currently popular as the nonlinear
media for implementation of optical Fourier-transform
systems.® Recently the  biological molecule - of
bacteriorhodopsin has shown great promise as a
nonlinear material for optical computing and process-
ing.® Bacteriorhodopsin (bR) shows many intrinsic
optical and physical properties for use as a real-time
spatial light modulator™® and also as an optical stor-
age medium.? The useful optical properties include
photochromism, third-order optical nonlinearity, and
photoinduced anisotrepy. These properties have been
used by many researchers to implement applications
such as pattern recognition, image subtraction and ad-
dition,*"® ‘spatial filtering,” optical logic gates,’' in-
terferometry, holographic correlation,
transmission with phase conjugation.”” The spatial
filtering performed by Thoma et al.” involves a control

beam that precisely manipulates spatial frequencies

at the Fourier plane. Imam et al.'® recently demon-
strated an incoherent-to-coherent converter, using the
photoinduced anisotropic properties of bR thin films.
The logarithmic transmission characteristics of bR
~ films were used by Downie to implement optical

image processing. Recently Takei and Shimizu'® nsed
the- photoinduced reﬁ'actlve-mdex change of bR for
spatial light modulation.

We propose the use of photomduced amsotropy in

a bR film for achieving a real-time, self-adaptive spa-
tial filtering system for optical Fourier processing,
with the experimental demonstration of edge enhance-
ment. The photomduced amsotropy of bR films de-
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processing applications.

and ' image .
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bends__on the intensities of the illuminating heams.
The incoherent-to-coherent converter scheme of Tmam

et al.®® uses the photoinduced anisotropy that is due

to an actinic beam. We have noticed that at an opti-

" mum constant actinic beam intensity the photoinduced

dichroism and the resultant polarization rotation of
a probe beam show a useful intensity dependence.

The proposed system exploits the observed -intensity
dependence of photoanisotropy in a bR film for Fourier-
The advantages of this sys-
tem are simplicity and ease of operation, with no’

- requirement for precise alignment at the Fourier plane,

vibration isolation, or coherent light, . The conven-

- tional spatial—fﬂteriiig technique' with selective mask-

ing of Fourier frequencies has the disadvantages of
a lack of real-time operation because of the precise
ahgnment needed for maskmg SoIne spatlal frequen-
cies and the need for preparing masks in accordance
with the input object information. Also, in many real-
time Fourier-processing schemes that use the dynamie

_recording nature of photorefractive crystals ‘and other .

nonlinear materials including bR’ precise aligniment
of control beams is required for spat1a1 filtering? In
the present scheme the constraint of alignment at the
Fourier plane is completely avoided. The fﬂtermg op-.
eration is accomplished through a process in which
the input informatjon has a single linear polarization
but the output after the Fourier transformation auto-
mat1ca11y contains a range of linearly polarized light
of various orientations that correspond to different
spatial-frequency components of the ob_]ect This per-
mits the use of an analyzer after an inverse Fourier
transformation for polarization filtering, thch in turn
produces a spafial-filtering operatmn '
The utility of bR in optical image. processmg and
related applications is based on the fact the absorp»
tion of light friggers a photochemlcal cycle in the
bR. molecuie with a complex series of mtermedlate -
steps.®  The initial B state of bR has an absorption
peak at 570 nm, and the long-lived M state has an
absorption” peak at 412 nm. The lifetime of the M
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. state can be altered by several erders of magmtude
- milliseconds, by a reprotenation process.

cycle are the B and M states. - Illumination of bR film
at a wavelength near 570 nm leads to the transition
of molecules to the M state, reducing the absorption
coefficient of the film at that wavelength, and these
molecules are bleached. On illumination with a lin-
early polarized light (actinic beam), the film shows
anisotropic properties of photoinduced dichroism and
photoinduced blreﬁ'lngenCe 1
toinduced anisotropy in a bR film is an effect of the
photosensitive bleaching of the bR molecules on light
illumination. Because the actinie light is linearly po-
larized and the bR molecules in the film are randomly
oriented, only those bR molecules oriented with their

_transition dipole moments for absorption in or near the

electric field direction of the light are bleached.:

- When the wavelength of actinic light is ~570 nm, *-

induced dichroism predominates overinduced biréfrin-

gence. The presence. of dichroism on actinic light il- -

lumination can produce a rotation of the plane of
polarization of a probe beam passing through. the
dichroic parts of the film. This actinic-light- induced
angular rotation of a probe beam’s pelarlzatlon and its
dependence on probe beam intensity as explained be-
- low are the basic principles employed for the Fourler
processing described here.
*The bR film used in the present expenment was pur-
chased from Wacker Chemical, Inc. It has a thickness
of ~85 um and an optical densﬂ:y of .0.47, "All the

experiments are performed at a 570-nm wavelength’

from an Ar—Kr laser (Coherent In_nqva 70 Spectrum).
The dichroism in the bR film was induced by an ac-
tinic beam at the same wavelength as that of the probe
beam. Both beams were derived from the same laser,
and the difference in their path lengths was main-
tained at more than the coherence length of the laser.
The plane of pela.rlzatlon of the actinic beam was ori-
ented ‘at 45° with respect to the _probe ‘beam. The
- actinic beam induces dichrosim in'the bR film, The
probe beam, as it passes through the now dichroic bR
film, undergoes polarization rotation. The magnitude
of rotation depends on the intensities of both actinic
and probe beams.
by adjusting an analyzer. At first we measured the
dependence of this induced angular rotation of probe
beam polanzatmn asa functlon of the intensity of the
actinic light beam, using a weak probe beam %o that

it would not contrlbute to the photomduced dichroism. -
The photoinduced angular rotation of the probe beam

polarization reached a maximum for an optimum. ac-
tinic beam mtensn:y of ~10 mW/cm ‘and decreased

with a further increase in the actinic beam mtensﬁ:y _

Similar behavior was observed by Burykin et al.t” for
photomduced dichroism, as expected. . Then keeping
the actinic beam intensity near 10 mW/cm?, where the
a.ngle of rotation and hence the correspondmg dichro-
ism is maximum, we gradually increased the intensity

of the probe beam. ~ Figure 1 shows the experimental -

data on the degree of rotation of probe beam pelanza—

tion as a function of probe beam intensity. under con-

stant actini¢ beam mtensﬁay of 10; mW/cm ~In our

‘The most .
relevant states for our experiments in the bR photo-

‘The occurrence of pho-~

We measured this angular rotation’
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expenment the analyzer was mounted upon a rotatlon
stage with a minimum detectable angular rotation of
0.1°. As the gystem is highly sensitive to changes in

- probe intensity, a more accurate rotation stage could
“be used. The effect of increasing the probe beam in-

tensity is to decrease the degree of polarization rota-

- tion of the probe beam beecause high probe intensities
. reduce the anisotropy of the bR film. With high inten-

sities of ~10 mW/em? for the probe beam, the angular
rotation experienced by the probe beam polarization is
nearly zero. The result from Fig. 1 that increasing the
probe beam’s intensity reduces the angle of rotation of
the probe beam passing through the BR under the in-
fluence of actinic ight can be exploited effectively for

‘optical Fourier processing.

- Figure 2 .is a schematic of the .optical Fourier-
processing system employing photoinduced dichroism

“in bR film.  Lens L1 forms the Fourier transform of

the object information (O) at the BR film (BR), and

. 'lens L2 forms the inverse Fourier transform at the

CCD plane to yield the processed image. The actinic
beam illuminates the bR film uniformly. Both the
actinic beam and the probe beam that illuminates
object O are derived from an Ar-Kr laser at 570-nm
wavelength. The actinie beam is linearly polarized
at '45° to the plane of polarizer P. Initially with
no actinic beam présent, polarizer P and analyzer A
crossed each other. The probe beam iHuminating
the ob_]ect produced an’ 1nten51ty of >10 mW/cm2 at
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Fig. 1. Dependence of photoinduced polarization rotation
on probe beam intensity with a ‘constant actinic beam
intensity of ~10 mW/cm The sohd curve .‘:s mtended
solely asa msual a_ld A - :

.”"Actinic beam * ' -

oP: Lt BR L2 AcCD e
Flg 2 Schematm expenmental setup for optical Founer
processmg using photoinduced d_lchr_msm in a bR film.
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Fig. 3. Experimental result of edge enhancement with the
inner portion of a razor blade as the ohject.

the center of the Fourier transform of O formed
at the bR film plane. On illumination of the BR
with an actinic beam of intensity ~10 mW/em?, only
the edges of the object appear at the CCD, yielding
high-frequency spatial filtering or edge enhancement.
Figure 3 shows the result of edge enhancernent; the
inner portion of a razor blade was used as the object.
This self-adaptive edge enhancement is explained as
follows. The Fourier transform of an arbitrary ohject
information formed at the bR plane has an intensity
distribution with high intensities for low-frequency
components and low intensities for high-frequency
components. Figure 1 showed that at optimum ac-
tinic beam 1nten51ty the effect of inereasing the probe
beam’s intensity is to decrease its degree of polariza-
tion rotation owing to photoinduced dichroism. This
means that high-frequency components at the bR plane
experience higher degrees of polarization rotation
than the zero- and low-frequency components. Hence,
if the input object information has a single linear
polarization, after its passage through the bR under
actinic light illumination it has a range of polarizations
of different orientations. The Fourier processing is
accomplished through the analyzer, which blocks
specific polarization components, in turn blocking the
corresponding spatial frequencies. When the analyzer
is at a right angle to the input beam polarization,
zero- and low-frequéncy components, which experience
‘almost no polarization rotation because of their high
intensities, are blocked by the analyzer. But the
high-frequency components that correspond to the
edges of the object experience polarization rotation,
and hence pass through the analyzer to appear at the
CCD camera to yield edge enhancement. Rotation of
the analyzer can serve as a variable spatial filter for
Fourier processing,

In conclusion, we have successfully demonstrated
.a self-adaptive optical Fourier-processing system that
uses the photoinduced dichroic characteristics of a
bacterichodopsin film. The dependence of photoin-
duced dichroism on probe light intensity has effee-
tively been used to imprint continuous polarization
variations upon the different spatial-frequency eom-
ponents of an object information. Spatial filtering of
desired frequencies is then performed by an analyzer.

11. b. V. G. L.
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The simplicity of the present scheme is straightfor--
ward, with the processing requiring no alignment: at
the Fourier plane. No interference recordings are in-
volved in this experiment; hence vibration isclation

systems are not required. A coherent souree is not a

requirement for the experiment; a white-light source
with an appropriate wavelength filter at ~570 nm can
induce photoanisotropy in the bR film.” Thé improved
performance of the present system compared with that
of other technigues is based on the advantage that
a single optical setup can perform low-pass filtering,
hand-pass filtering, and high-pass filtering operations
with simple adjustments of the analyzer. One could
also perform the same operationg by varying the in-
tensities of the beams. Detailed studies of a versatile
image-processing system for applications such as noise
filtering, flow visualization, waveletlike filtering, and
beam shaping are in progress.

This research is supported by BAA eonfract DAAK
60-92-K-002 with the U.S. Army Natick Research,
Development and Engmeermg Center.
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