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Abstract.  The process of two-dimensional image edge enhancement 
with an acousto-optical spatial filter using two orders of light dif-
fraction is studied. It is theoretically shown that the diffraction that 
occurs in a paratellurite crystal on a ‘slow’ acoustic wave propagat-
ing orthogonally to the optical axis of the crystal allows enhancing 
a two-dimensional edge of an image, transferred by optical radia-
tion with a wavelength of 0.63 mm in a wide band of acoustic fre-
quencies 25 – 50 MHz. Enhancement of a two-dimensional image 
edge at an acoustic frequency of 29 MHz is experimentally demon-
strated. 

Keywords: two-dimensional image edge enhancement, acousto-
optical diffraction, Bragg diffraction, two-order diffraction.

1. Introduction 

Acousto-optical (AO) interaction is an efficient method for 
controlling the parameters of not only an individual optical 
beam, but also a set of beams carrying an image [1 – 4]. One of 
the widely used methods of image processing is the edge 
enhancement. The edge (contour), being only a small part of 
the image, contains information about such important char-
acteristics of the object as its shape and size, spatial orienta-
tion, velocity and character of motion, etc. 

For edge enhancement, optical Fourier processing of the 
image is most widely used, where the AO cell serves as a spa-
tial frequency filter [5]. While at first AO cells were used for 
filtering one-dimensional images (see, e.g., [6 – 8]), it was sub-
sequently found that they can be successfully used for pro-
cessing two-dimensional images, in particular, for two-dimen-
sional edge enhancement. This is possible using special cuts of 
crystals or choosing special modes of AO diffraction [9 – 15].

One of the important characteristics of AO cells used as 
spatial frequency filters is the spatial frequency passband, 
which, in fact, determines the ultimate resolution of the cell 
[5]. To increase the ultimate resolution of the cell, ceteris pari-
bus, it is necessary to reduce the frequency of the acoustic 
wave [5]. Note that AO filters based on quasi-collinear dif-
fraction in TeO2 and designed to process radiation with a 
wavelength of 0.63 mm operate at an acoustic frequency of 

98 MHz [16], and filters with tangential geometry operate at 
68 MHz [9]. It was possible to achieve a significant decrease in 
the acoustic frequency by using the multiple diffraction 
regime [12 – 15]; in this case, the acoustic frequency decreased 
to ~35 MHz for the twofold regime, and to 27 MHz for the 
threefold regime. However, multiple regimes are realised with 
significant consumption of acoustic power. 

In this work, to enhance the two-dimensional image edge, 
we use an AO cell with two orders of diffraction. This regime 
is the most economical in terms of controlling power con-
sumption: for example, to obtain 100 % diffraction efficiency, 
the required power is half the power for the ‘common’ Bragg 
regime and one-fourth the power for the double diffraction 
regime [1]. In other words, the proposed regime can signifi-
cantly reduce the power consumption required to control 
the AO cell during image processing. In addition, as will be 
shown below, the filters under consideration provide two-
dimensional edge enhancement in a wide band of acoustic 
frequencies. 

2. Theory 

Figure 1 shows a diagram of the AO interaction that underlies 
the proposed regime. The beam of optical radiation denoted 
by P0 and containing information about the image, propa-
gates approximately along the optical axis z of the uniaxial 
gyrotropic crystal, which can be a TeO2 (paratellurite) crystal. 
Orthogonal to the z axis, an acoustic wave propagates with 
the wave vector K. As a result of the AO interaction, the inci-
dent radiation diffracts in the directions of diffraction orders 
+1 (beam P+1) and –1 (beam P–1). Image processing uses the 
zero Bragg order. 

In determining the transfer functions, we assume that the 
optical field is a set of plane waves, the diffraction of these 
plane waves occurring independently. The waves interact 
with a plane monochromatic acoustic wave; therefore, the dif-
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Figure 1.  Diagram of AO diffraction in two orders.
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fracted field is also a set of plane waves. We write the wave 
amplitudes for diffraction orders in the form 

( ) ( ) ( )E E Hm m minc0 0q q q= , ( / ) ( ) ( )E K k E Hincm m m1 1q q q+ = ,

	 ( ( ) ( )E K E Hincm m m1 1q q q- =- -/ )k .	 (1) 

Here, E0, E1 and E–1 are the field amplitudes for the diffrac-
tion orders 0, +1, and –1, respectively; Einc is the field ampli-
tude of incident radiation; qm is the angle of orientation of the 
plane wave relative to the direction of propagation of radia-
tion; m is the plane wave number; K and k are the wave vector 
magnitudes for the acoustic and optical plane waves, respec-
tively; and H0, H1 and H–1 are the transfer functions for the 
diffraction orders 0, +1, and –1, respectively. These functions 
are related by the system of differential equations [1]: 
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Here ( ) /( )M P Lhac2pn = /l  is the parameter associated with 
the power of the acoustic wave:  is the wavelength of light; M2 
is the parameter characterising AO quality of the material; L 
is the length of the AO interaction; h is the height of the 
acoustic column; Pac is the acoustic power; z is the coordinate 
along which AO interaction develops; h1 = kz – kz(+1) and h2 = 
kz – kz(–1)  are the phase-matching detunings for the diffrac-
tion orders +1 and –1, respectively; and kz, kz(+1), kz(–1)  are the 
z-components of the wave vectors for the diffraction orders 0, 
+1, and –1, respectively. 

For the boundary conditions H0 = 1 and H1 = H–1 = 0 at z 
= 0, the solution of system (2) has the form 
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and b1, b2, b3 are the roots of the cubic equation 
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The two-dimensionality of the transfer functions, i.e., 
their dependence on the coordinate along the y axis, orthogo-
nal to the x and z axes, was taken into account as follows. The 
refractive indices n1, 2 for the optical waves in the uniaxial 
TeO2 crystal were expressed in the form of three-dimensional 
distributions [17] 
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where no, ne are the principal refractive indices of the crystal; 
j is the angle between the optical axis of the crystal and the 
wave vector of the light wave; and G33 is the component of the 
gyration pseudotensor. In our case, it was assumed that 
anisotropic diffraction of the light wave by the acoustic wave 
occurs, the signs plus and minus in Eqn (6) corresponding to 
the incident and diffracted radiation. Three-dimensional sur-
faces formed by wave vectors are described by the functions  
2pn1/l and 2pn2 /l. The diffraction plane intersects the wave 
surfaces; it passes through the origin and contains the acous-
tic wave vector K. The detuning values h1 and h2 were deter-
mined by changing the angle of inclination of the diffraction 
plane to the optical axis z, and then, according to Eqns 
(2) – (5), the transfer functions H0, H1 and H–1 were deter-
mined. 

For calculations, we used the parameters corresponding 
to the radiation of a He – Ne laser propagating in a TeO2 sin-
gle crystal: l = 0.63 mm, no = 2.26, ne = 2.41, G33 = 2.62 ́  10–5, 
M2 = 1200 ́  10–18 s3  g–1, and the velocity of sound V = 
0.617 ́  105 cm s–1 [18, 19]. In addition, it was assumed that 
Pac = 0.05 W, L = h = 0.2 cm. 

Figure 2 presents the squares of the moduli of the transfer 
functions, H0 ́  H0

*, calculated for acoustic frequencies of 25 
and 50 MHz. The obtained transfer function distributions 
were used to extract a two-dimensional image contour by 
computer processing using fast Fourier transform (FFT) [20]. 
It can be seen that the distributions are very heterogeneous, 
the behaviour of functions being characterised by ‘kinks’. The 
presence of kinks imparts a certain two-dimensionality to the 
distribution regions. Such distributions are characteristic of 
AO filters of two-dimensional images based on the addition 
of several optical fields (see, e.g., [21 – 23]). Note that such 
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Figure 2.  Transfer functions for the zero Bragg order obtained at 
acoustic frequencies of (a) 25 and (b) 50 MHz.
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areas are not unique in all distributions of transfer functions. 
However, in the course of checking all such areas by FFT pro-
cessing of two-dimensional images, the best results, based on 
a comparison of the contrast of the contours and their equiva-
lence in mutually orthogonal directions, were achieved using 
precisely the areas shown in Fig. 2. Note that these areas cor-
respond to the same region of the distribution of the transfer 
functions, but were obtained at different frequencies. In 
Fig. 2b the characteristic inhomogeneous regions are signifi-
cantly smaller than those in Fig. 2a. 

Figure 3 shows the image before processing, which is a 
disk (Fig. 3a), and the result of its FFT processing using the 
transfer functions shown in Figs 2a and 2b (Figs 3b and 3c, 
respectively). In Figs 3b and 3c, the contour of the disk edge 
is quite clearly expressed. Moreover, the edge thickness in 
Fig. 3b is significantly smaller than that in Fig. 3c, which is in 
full agreement with the results of Ref. [5]. It clearly follows 
that for better edge enhancement, it is necessary to use the 
lowest possible acoustic frequencies. However, a decrease in 
the acoustic frequency facilitates the transfer of light energy 
to higher diffraction orders, i.e., the transition to the 
Raman – Nath diffraction regime. In fact, the frequency of 
~25 MHz is close to the minimum frequency for the Bragg 
diffraction regime. Indeed, the Klein – Cook parameter Q = 
K 2L/k = 2p f 2lL /V 2 [1, 2] determines the boundary acoustic 
frequency f from the condition Q ³ 4p . For frequencies 
exceeding 50 MHz, the edge begins to ‘blur’, that is, its char-
acteristics deteriorate significantly. 

Moreover, the upper frequency value is limited by the 
condition for the existence of two orders of diffraction. 
Theoretical analysis shows that if light propagates strictly 
along the optical axis z, then under the condition Lh1, 2 ³ 4, 
the efficiency of diffraction in two orders does not exceed 5 % 
[1]. In our case, the above condition restricts the upper value 
of the acoustic frequency to ~50 MHz. 

When the incident radiation beam deviates from the z 
axis, the efficiency increases in one diffraction order and 
decreases in the other. In fact, single-order diffraction is 
implemented. In Ref. [24], all cases of edge enhancement 
using single-order Bragg diffraction were analysed. It was 
shown there that, except a few cases of AO interaction, dif-
fraction into a single Bragg order does not provide the forma-
tion of a two-dimensional image contour. 

3. Experiment and discussion of results 

An experiment was performed to verify the above conclu-
sions. The optical scheme of the experimental setup is 

described in detail in Ref. [8], where the classical method of 
optical Fourier image processing using two identical lenses, 
one for input and the other for output, is considered. The 
focal length of the lenses F was 18 cm. A beam of linearly 
polarised optical radiation with a wavelength of 0.63 mm gen-
erated by a He – Ne laser was broadened by an expander and 
directed to the elliptic-shaped aperture with a characteristic 
size of ~0.1 cm. The radiation passing through the aperture 
formed the initial image. The input lens was located at a dis-
tance F from the aperture in the direction of radiation propa-
gation. A quarter-wave plate was placed between the lens and 
the aperture to make the radiation circularly polarised. Thus, 
an optical eigenwave of the TeO2 crystal was formed, which 
ensured the possibility of achieving 100 % diffraction effi-
ciency. The output lens was located at a distance of 2F from 
the input lens. 

Exactly in the middle between the lenses, the AO cell was 
located, which served as a spatial frequency filter. The AO cell 
was made of a TeO2 single crystal with dimensions of 1.0, 0.8, 
and 0.8 cm along the [110], [ ]110r  , and [001] directions, respec-
tively. A transducer made of LiNbO3 was glued to the {110} 
crystal face, generating a transverse acoustic wave with a shift 
along the [ ]110r  direction. The transducer had a size of 
0.2 ́  0.2 cm and a 3 dB bandwidth of 27 – 40 MHz. The trans-
ducer excited a travelling acoustic wave in the crystal. The 
velocity of sound in the crystal was V = 617 m s–1. Optical 
radiation propagated approximately along the optical axis of 
the crystal, passed through the output lens, and was directed 
to a screen located on the other side of the lens at a distance 
F. The image after Fourier processing, which was recorded by 
the camera, was observed on the screen. In the experiment, an 
acoustic frequency of 29 MHz was used, which is close to the 
minimum frequency in the frequency band of the transducer. 
By adjusting the AO cell (its orientation and electric power 
supplied to the transducer), a situation was ensured in which 
a two-dimensional contour was formed on the screen.

Figure 4 shows photographs of the image obtained in the 
absence and in the presence of voltage supplied to the con-
verter. In Fig. 4b, a well-defined two-dimensional contour is 
visible. Some structure is also seen inside the contour, indicat-
ing the presence of inhomogeneities in the intensity distribu-
tion of the initial radiation. Anyhow, in our opinion, there is 
good agreement between theory and experiment: the theoreti-
cally predicted two-dimensional contour at a low acoustic 
frequency (Fig. 3b) corresponds to the contour formed in the 
experiment (Fig. 4b). The results significantly expand the 
capabilities of AO diffraction for processing two-dimensional 
optical images. 

a b c

Figure 3.  (a) Original image and (b, c) its appearance after FFT processing using the transfer functions obtained at frequencies of (b) 25 and (c) 
50 MHz.
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4. Conclusions 

Based on the presented results, we can make the following 
conclusions: 

1. For two-dimensional image edge enhancement, it is 
proposed to use an AO spatial frequency filter based on two 
orders of Bragg diffraction, +1 and –1. 

2. The transfer functions for the diffraction orders are 
found. For two-dimensional image filtering, it is proposed to 
use the transfer function corresponding to the zero Bragg 
order. 

3. It is shown that the considered diffraction regime allows 
processing optical images in a wide band of acoustic frequen-
cies. In particular, the frequency band in which a two-dimen-
sional contour of an optical image is formed by radiation at a 
wavelength of 0.63 mm extends from ~25 to 50 MHz. 

4. The two-dimensional edge enhancement of an image 
carried by the optical radiation with a wavelength of 0.63 mm 
was obtained experimentally by optical Fourier processing 
using an AO spatial filter made of paratellurite operating at 
an acoustic frequency of 29 MHz. 

The presented results can be used for processing optical 
images using an AO cell as a spatial frequency filter.
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Figure 4.  Experimental Fourier image processing: (a) image without 
processing and (b) after processing.


