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Abstract—The possibility of formation of a 2D optical image contour during double Bragg’s diffraction
simultaneously in two Bragg’s orders is investigated. Transfer functions of Bragg’s orders of double dif-
fraction are obtained with account for ellipticity of optical beams and the curvature of wave surfaces
of the crystal. The conditions for obtaining the image contour simultaneously in the zeroth and plus
second Bragg’s orders are determined. This is confirmed experimentally using the example of Fourier
processing of the image transferred by radiation at a wavelength of 0.63 μm. Double Bragg’s diffraction
is realized based on an acousto-optic cell made of a uniaxial gyrotropic paratellurite crystal, which
operates at an acoustic frequency of 20.3 MHz.
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1. INTRODUCTION
One of effective methods for improving the reliability of signal measurements is the measurement

during the propagation of signals via two channels. This approach is used, for example, in detection of
vibroacoustic and shock signals [1], recording of interferograms in a two-probe Fourier spectrometer [2],
the search and detection of weak optical signals [3–5], and determination of correspondences in the
images using descriptor structures [6]. Two-channel measurements make it possible, on the one hand,
to correct effectively the errors in the channels, and on the other hand, to substantially reduce measuring
errors, which ensures a higher reliability of measurements

In this study, we propose the application of this method for separating and recording the image con-
tours; the formation of two channels is realized using a single acousto-optic (AO) filter. In our opinion,
such systems are especially promising in detection of weak optical signals. The use of one instead of two
filters makes it possible to reduce the mass, size, energy consumption, and cost of the system in the whole.

The possibility in principle of the formation of two channels using Bragg’s diffraction is based on the
existence of multiple Bragg’s light scattering when as a result of diffraction, two or even three diffraction
peaks appear apart of the zero peak [7–10]. Multiple regimes have already been used for a substantial fre-
quency shift of an optical signal, in designing of optical logic elements [10], and so on. It should be noted
that multiple diffraction has already been used for image processing including 1D [11] as well as 2D images
[12]. However, only single-channel variants of processing have been considered. The idea of image pro-
cessing using the zeroth and plus first diffraction orders was put forth in [13]. However, only two (tangen-
tial and collinear) variants of Bragg’s diffraction were considered [13–16]. Both variants are axisymmetric.
The features of these variants did not permit the realization of simultaneous processing of images. It turns
out that multiple diffraction regimes have wider functional potentialities. Their transfer functions contain
a large number of regions for processing 2D images, while the transfer functions of the tangential and col-
linear diffraction variants have only one suitable region. Precisely this feature of multiple diffraction
regimes is used in this study.

This study is aimed at obtaining image contours in the zeroth and plus second diffraction orders in the
course of double Bragg’s diffraction. These orders are separated maximally in the angular space, which
substantially reduces their mutual influence. It is assumed that diffraction occurs in a uniaxial gyrotropic
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paratellurite (TeO2) crystal; this AO material is widely used in practice owing to its unique optical and
acoustic properties [17, 18]. Since multiple diffraction regimes are realized in paratellurite when light
propagates almost along its optical axis, where the curvature of the wave surfaces of the crystal is mani-
fested quite strongly, the curvature of surfaces is taken into account. In addition, we also take into account
the ellipticity of crystal waves (i.e., the TeO2 crystal is gyrotropic).

It will be shown below that the transfer functions of the two orders are different, which makes it possi-
ble to solve a wider range of problem (e.g., concentrate attention on some regions of the image using one
channel and on other regions, using the other channel).

2. THEORY

We assume that image processing is performed using the Fourier method, i.e., the transformation
of the image into the Fourier transform, the multiplication of the Fourier transform and the transfer func-
tion of the spatial filter, and the inverse Fourier transformation [19]. In practice, the direct and inverse
Fourier transformations are performed using the input and output lenses, while the multiplication of the
Fourier transform and the transfer function of the filter is performed by passing radiation in the form of
the Fourier transform through the spatial filter. In our investigations, the role of the spatial frequency filter
is played by an AO cell. For determining the filtering properties of the AO cell, we are using the spectral
method that has been successfully used for calculating the filtering characteristics of the “conventional”
Bragg diffraction with one order [13–16]. Following the spectral approach, we represent the optical field
(including the field transferring the Fourier transform of the image) as a set of plane waves; in this case,
all events of diffraction of plane waves from an acoustic wave occur independently from one another.
All diffracted waves also form a set of plane waves [20]. Let us suppose that initial radiation formed as
a Fourier transform is a set of plane waves Einc(θm), where θm is the angle of orientation of the mth plane
wave. The amplitudes of diffraction orders are described by expressions

Here, E0, E+1, and E+2 are the amplitudes of the zeroth, plus first, and plus second diffraction orders;
Einc is the amplitude of the inccident radiation field; K and k are the wavenumbers of the acoustical and
optical plane waves; H0, H+1, and H+2 are the transfer functions of the zeroth, plus first, and plus second
diffraction orders. The existence of additional angular shifts in amplitudes E+1 and E+2 by K/k and 2K/k
reflects the angular deviation of the direction of propagation of diffracted plane waves from the direction
of propagation of incident waves as a result of Bragg’s diffraction. If the amplitudes of plane waves forming
incident radiation field Einc are identical, the distributions of the diffracted waves coincide with the distri-
butions of the corresponding transfer functions. In this case, transfer functions H0, H+1, and H+2 are con-
nected with one another by the following system of differential equations [8, 11, 12]:

(1)

where A0 = δf01; A1 = δf12;

is the Raman–Nath parameter; λ is the light wavelength, M2 is the AO quality of the material; L is the AO
interaction length; H is the acoustic column height; Pac is the acoustic power; z is the coordinate along
which the AO interaction evolves; and η0 and η1 are the phase synchronism detunings of the plus first and
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plus second orders, respectively. Coefficients f01 and f12 appearing in the expressions for A0 and A1 take into
account the ellipticity of polarization of optical beams and are defined as

(2)

where ρ0, 1, 2 are the ellipticities of polarization of waves E0, E+1, and E+2, respectively. It is especially
important to take ellipticity into account when TeO2 is used as the AO material because this crystal is gyro-
tropic. Solving system (1) in the standard manner (see, for example, [11–21]), we obtain

(3)

Here, k = 1, 2, 3; βk are the roots of cubic equation

(4)

(5)

As in [12], we will take into account the two-dimensional nature of transfer functions using the 3D rep-
resentation of refractive indices of a uniaxial gyrotropic crystal [22]:

(6)

where no, ne are the principal refractive indices of the crystal; ϕ is the angle between the optical axis of the
crystal and the wavevector of the light wave, and G33 is the gyration pseudotensor component. Essentially,
the three-dimensional form of the refractive indices determines the 3D distribution of phase detunings η0
and η1 [12]. Polarization ellipticities ρ0, 1, 2 of the beams were calculated using expression

(7)

where T = sin2ϕ(  – ). In concrete calculations, we assumed that light wavelength λ = 0.63 μm
(experimental condition). As the AO material, we used a TeO2 crystal; accordingly, the parameters
appearing in expressions (1)–(7) were as follows [23, 24]: no = 2.26, ne = 2.41, G33 = 2.62 × 10–5, M2 =
1200 × 10–18 s3/g, and V = 0.617 × 105 cm/s. The AO interaction length was L = 0.2 cm, the acoustic power
was Pac = 0.175 W, and the frequency of sound was 21 MHz. We assumed that the acoustic wave propa-
gated along crystallographic axis [110] of paratellurite, while the optical axis of the crystal was the [001]
axis. Transfer functions H0, H+1, and H+2 were constructed depending on angles α and β, where angle α
was calculated in the ([110], [001]) plane from optical axis [001], while angle β was calculated in the
([ ], [001]) plane also from optical axis [001]. Here, the [ ] direction is orthogonal to directions [110]
and [001].
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Fig. 1. Moduli of transfer functions of the zeroth (a), plus first (b), and plus second (c) Bragg’s diffraction orders.

(a)

(b)

(c)
Calculations show that for small angles β, the field distributions during the variation of angle α are
alternations of interference fringes. Such a distribution is characteristic of conventional Bragg’s diffraction
regimes with one order [8] and can be suitable only for 1D processing of images. With increasing angle β,
the interference fringes become curved, bent, change their thickness, terminate, are transformed into
loops, and so on. This is typical of only multiple diffraction regimes. As shown in [25], only regions with
strong inhomogeneities are suitable for processing 2D images. Therefore, such regions should be sought
at the periphery of transfer functions (i.e., for large angles β).

We sought the suitable regions of transfer functions, in which the reference center for angle β was
shifted from 0 to about 7°. The determined regions are shown in Fig. 1. The angular size of the distribu-
tions is ~ 5° × 5°. Within each distribution, squares of size ~2° × 2° single out the working regions used
for 2D Fourier processing of images. Calculations show that the distributions in Figs. 1a and 1c ensure the
separation of a 2D contour, while the distribution in Fig. 1b does not in spite of its similarity to the distri-
butions in Figs. 1a and 1c. It should be noted that the conclusion concerning the suitability of a certain
region of the transfer function for the separation of a 2D contour can be drawn only after its verification
based on the computer Fourier processing of images.
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Fig. 2. Initial images (a, b, c) and the images obtained after processing using the transfer functions of the zeroth (d, e, f)
and plus second (g, h, i) diffraction orders.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)
Figure 2 shows the results of Fourier processing of images using transfer functions H0 and H+2.
The left column contains initial images in the form of a cross, figure 3, and a circle; the central and right
columns contain the results of processing of these images with the help of transfer functions H0 and H+2,
respectively. It can be seen that quite clear 2D contours of images are formed. The computer Fourier pro-
cessing shows that the transfer functions with the distributions shown in Figs. 2a and 2c make it possible
to separate a 2D contour, while the distribution shown in Fig. 2b does not. If, however, we shift all regions
by 1°, the reverse situation takes place (the distribution in Fig. 2b ensures the separation of the contour,
while the distributions in Figs. 2a and 2c do not).

Comparison of Figs. 2f and 2i shows that the zeroth-order contour (Fig. 2f ) is sharper and has a higher
contrast as compared to the contour of the plus second order (Fig. 2i); the latter is not so sharp; the regions
in the central part of the image are suppressed more weakly than analogous regions of the zeroth diffrac-
tion order. Nevertheless, the image contour in both cases is separated clearly. In both contours, disconti-
nuities can be distinguished; however, one can use other regions of transfer functions and obtain contours
without discontinuities. We deliberately selected these regions of transfer functions to demonstrate wider
BULLETIN OF THE LEBEDEV PHYSICS INSTITUTE  Vol. 49  Suppl. 1  2022
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Fig. 3. Images observed on the screen in the zeroth (a), plus first (b), and plus second (c) diffraction orders.

(a) (b) (c)
potentialities of the two-channel method of separation of contours. In particular, this method makes
it possible not only to form the same contour in two channels, but also to single out more clearly some
regions of the contour using one channel and other regions, using the other channel.

3. EXPERIMENT
The separation of a 2D image contour in the zeroth and plus second Bragg’s orders during double

Bragg’s diffraction was demonstrated experimentally. We used the standard 4f scheme of the Fourier pro-
cessing (see, for example, [12]), which was based on two (input and output) identical lenses with focal
length f. In our experiments, f was equal to 18 cm. The input image was a circular aperture in the screen
made of an opaque material, which was separated from the input lens by distance f. The radiation source
was a He–Ne laser generating radiation with a wavelength of 0.63 μm. The spatial frequency filter made
of TeO2 was located in the back focal plane of the input lens and simultaneously (in accordance with the
setup design) in the front focal plane of the other (output) lens. The sizes of the AO filter along the [110],
[ ], and [001] directions were 1.0, 0.8, and 0.8 cm, respectively. A transverse acoustic wave propagated
along the [110] direction of the crystal, while optical radiation propagated near the [001] optical axis.
The acoustic frequency was chosen at 20.3 MHz. The formation of three diffraction orders was observed
on the screen located in the back focal plane of the output lens. By smooth rotation of the AO filter around
the [110] and [ ] axes of the crystal and by variation of the voltage applied to the transducer, the condi-
tions were created, in which a 2D image contour was formed in the zeroth and plus second Bragg’s orders.
The contours in the two orders were obtained at a voltage of 8.2 V.

Figure 3 shows the photographs of the images observed on the screen. It can be seen that quite clear
2D image contours have been formed in the zeroth and plus second diffraction orders. It can be seen above
all that, generally speaking, the contours are different and not repeat each other. However, we assume
that these contours successfully supplement each other (the features of one contour are not repeated
in the other one). Therefore, the possibility of formation of a 2D contour simultaneously in the zeroth
and plus second Bragg’s orders as a result of double Bragg’s diffraction has been confirmed experimen-
tally. In our opinion, good agreement has been attained between the experimental results and the conclu-
sions of the theory.

4. CONCLUSIONS
The results obtained in this study lead to the following conclusions.
1. The filtering properties of double Bragg’s diffraction for the problem of separation of a 2D contour

using two diffraction orders have been investigated. Based on the AO interaction model taking into
account the ellipticity of natural waves and the curvature of the wave surfaces of a uniaxial gyrotropic crys-
tal, transfer functions have been obtained for all diffraction orders.

2. The regime of the double AO interaction in a paratellurite crystal has been determined, in which the
transfer functions of the zeroth and plus second diffraction orders ensure the formation of a 2D image
contour.

1 10

1 10
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3. The separation of a 2D image contour transferred by optical radiation with a wavelength of 0.63 μm
in the zeroth and plus second diffraction orders has been performed experimentally using the optical Fou-
rier processing. The role of the spatial frequency filter has been played by an AO paratellurite cell in which
an acoustic wave is excited at a sound frequency of 20.3 MHz.

These results can be applied in processing of optical images, in which AO cells are used as spatial fre-
quency filters.
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