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ACOUSTOOPTIC FILTERING OF ELECTROMAGNETIC RADIATION
USING TWO BRAGG DIFFRACTION MODES

V. B. Voloshinov and A. N. Uskov

The results are given of a theoretical study of the feasibility of spectral filter-
ing of uncollimated optical beams by means of acoustooptic filters based on a
paratellurite crystal. The parameters of a sophisticated filter with two piezo-
electric transducers are calculated. The device can operate in various diffraction
modes with different selectivity of interaction of light and sound.

Tunable acoustooptic flters have presently found wide application in many flelds of science wnd ech-
nology [1]. The filters provide spectral filtering and optoelectronic processing of both collimated and un-

collimated light beams. as well as optical images. The mformation obtained with ihe and of those Hiteps
on the speceral distribution of the electromagnetic radiarion from variows objects enabics the ooaoarchor 1o

determine the structure of these objects. to study their properties and o MORHOr peEncesses oceurting In
tliese bodies. The acoustaoptic filters have many advantages. such as a narrow spectral pazshand. st 2lee-
tric tuning in a wide range of light wavelengihs. the possibility to control the rransmission coefficient of rhe
device, and large values of angular apertures. The acoustooptic devices provide filtering of elecrromaguetic
radiation in several spectral intervals at a time with a controlled transmission coefficient in each of these
intervals. Therefore, the acoustooptic filters belong to a very promising class of adaptive optoelectronic
devices.

The acoustooptic filters, while having undoubtful advantages, also have some drawbacks. For example.
when the angular aperture of the optical beam is fixed, the acoustooptic device is not capable of retuning
the passband in a wide range. Yet in practice 1t is often necessary to have a filter with a concrollable spectral
band and shen it is desirable that the band should be varied In a wide range, e. g., by several tunes. One
of possible solutions of this problem consists in using a filter with a sectioned transducer. Ir is well known
that tile passband M of the filter. all other parameters being equal, depends on the size of the regian
of acoustooptic interaction and is determined by the length { of the piezoelectric transducer [1] In such a
filter, the selectivity of interaction of light and sound is controlled by amplitude-modulated and phase-shifted
electric signals applied to the sections of the plezoelectric transducer. However, this method of the spectral
band control is rather cumbersome and inconvenient for practical application.

In this paper, we propose a two-stage analysis of optical images. At the first stage. the whole image
is studied with a relatively low spectral resolution & = Ag/AA. This stage allows fragments and details of
interest to be promptly identified. At the second stage, one studies in detail the identified regions rather
than the entire image. Obvicusly, the second stage of the study requires a much higher rescluricn of the
filter. At the second stage the filter passband AN must be reduced.

A newly proposed method of spectral filtering of images is based on the use of an acoustooptic Hlter
with a complex confizuration having two piezoelectric transducers, as shown in Fig. 1. The selection can be
effected in a parateilurite crystal with a noncollinear geometry of the acoustooptic interaction by exciting two
shift acoustic waves by means of piezoelectric transducers PP-1 and PP-2. One of these waves propagates
along the [110] axis of a TeOy crystal and the other wave propagates at a certain angle o to this direction. The
light beam can interact with both the first and the second acoustic wave. The filtering of the electromagnetic
radiation is provided by the selectivity of the anisotropic Bragg’s scattering of light by slow shift acoustic
waves propagating close to the direction [110] of the paratellurite crystal. The utilization of these acoustic
modes enables one to obtain a high acoustooptic quality and to provide a diffraction efficiency close to unity
using comparatively low-power sources of uitrasonic waves {1].

[t is generally accepted that the diffraction phenomenon may be considered as a photon-phonon in-
teraction. A quantum of incident light with a wave vector k; produces a quantum of diffracted light with
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Noncollinear acoustooptic filter based on a paratellurite cryvstal with two diffraction modes.

a wave vector ky = k; + K, where K is the phonon wave vector. It is convenient to calculate the pa-
rameters of acoustooptic filtering for each acoustic wave separately. Fig. 2 a shows a vector diagram of
the photon-phonon interaction during light diffraction from a sound wave, when the sound propagates in
the [110} direction. The incident light features an extraordinary polarization while the diffracted beam has
an ordinary polarization [2-4]. The vector diagram shows that the diffraction occurs only when the angle of
incidence #,, counted from the (001] direction. the ultrasound frequency fi. and the light wavelonerh A are
connected by the relationship

fi= l\-( n.sinf. —

; = a . .2 T2y y=L/2 . . s T o of e
where n; = ngn.(n; cos® #; + njsin* 4. ) , g, A, are the refractive indices of the ordinary and extracrdi-
nary waves, respectively; and V is the velocity of ulirasound. At the wavelength A = 0.63 um, the refractive
indices of TeOy are ny = 2.26, n, = 2.41, while the velocity of ultrasound in the parateilurite crystal at
a = 0is V' = 616 m/s. The dependence of the angle of incidence 4, of light with the wavelength A = 0.63 um
on the acoustic frequency f is shown in Fig. 3 (curve 1).

[ao1]

[110]

Fig. 2

Vector diagrams of a noncollinear acoustooptic interaction: the direction of the sound is
orthogonal (a) and nonorthogonal (b) to the optical axis.

It is clear that with monochromatic illumination the diffraction frequency band Af depends on the
angular aperture of the incident light. Af, and increases with its enlargement. In the case of a collimated
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Angular-frequency characteristic for paratellurite.

optical beam (A8 = 0), the diffraction is observed in some nonzero frequency band Af. The interaction is
provided by the divergence of the ultrascund. The angle of acoustooptic wave divergence is found by the
formula
Ao:l = -,
Al

where {, iz the size of the PP-! transducer.

In order to find the filtering parameters. one must kuow the magnitude of the detuning y. which
characterizes the degree of phase misalignment during the acoustooptic interaction: k; + K; + AKX + ¢y =
kg1 [3]. The expression for the detuning can be obtained with the help of a vecter diagram (g, 2 a):

(R
—

2mng )\([\:1 + AI\’) n;snf, 12 2wn;
— 1— [ - - cosf;, (

DY 2mng ng A
where Ky = 27f,/V is the wave number of the ultrasonic wave and AK = 2xAf/V. In this case, for the

fixed angle of light incidence ¢., Bragg’s interaction with an efficiency higher than 50% takes place in a
certain frequency band Af. An expression for this band can be obtained using reiation (2):

1% A 2
AfI‘QZiT nfsinﬂzm\/ng—(n;cosﬁzﬁ:g> F fi.
Af:_lfl'i‘_\f'_w sy

The value of fi corresponds to the maximum intensity of the diffracted light and is found by formula (1. [t
iz clear that relation (3) transforms into (1}, if p =0 and Af = 0.

It is known from [1] that the ditfraction intensity depends on the detuning nf. When the condition
Inl] € 0.87 1s fulfilled, the diffracted light intensity decreases no more than by half. Taking inte account the
restriction on the detuning, relation {3) is used to find the band Af. Using the obtained value of the light
diffraction frequency band, we can calculate the filter passband AM for the case of incoherent light. fn [6] it
15 shown that Af and AX are interconnected via the relation

AdAf o

Ao fi :
From the graph in Fig. 3 and relation (4) it follows that the selectivity of the acoustooptic interaction
increases with the angle of light incidence #., because at 8, — /2 the diffraction becomes close to the

collinear one.

When using the uncollimated light bearns with large angular apertures A#, we may neslect the sound
divergence and consider that the spectral passband is datermined solely by the light beam divergence,
Providing that n, — ny 3> ny. the passband can be estimated by the formula

_ Anv

AN = cos 0, Af, (3)
f1
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Equation (5) shows that the spectral resolution linearly increases with the angular aperture of the
incident light. Therefore, acoustooptic filters that use acoustic waves propagating in the [110] direction and
operating with uncollimated optical beams are always characterized by a comparativelv wide spectral band.

Compared to devices based on the above discussed geometry of acoustooptic interaction, the wide-
aperture acoustooptic filters have a significant advantage as regards the angular aperture and spectral res-
olution. In these filters the acoustic wave propagates at a certain angle a to the [110} direction {5~7]. The
vector diagram of the photon-phonon interaction is shown in Fig. 2 b. The light beam is diffracted by an
ultrasonic wave excited by the PP-2 piezoelectric transducer. In {6, 7] it was found that the wide-aperture
- geometry of the accustcoptic interaction is realized in a TeO» crystal at values of the angle o in che range
of 0 < o < 19°. For the wide-aperture geometry of the interaction, the function &.(f} has a sonwewhat
different behavior than in the case of & = ¢. A family of the functions §.{f) for varicus values of the angle
a 15 given in Fig. 3. At the point when the tangent {ine to the 6.(f) curve is vertical. a minor variation
of the ultrasound frequency corresponds to a significant change of the angle of incidence. This points to
the possibility of practical application of the wide-aperture diffraction for studying fight beams with wide
angular apertures and obtaining a better resolution.

The relationship for the sound frequency fa2, the wavelength A and the light beam angle of incidence 4,
at o # 0 15 written in the form

-

fg:%[n,-sin((?:—cr)—\/ng—nf’cosz(ﬂg—-a)], {6}

Regardless of the direction of ultrasound propagation in the paratellurite crystal, the tucidenr lighe
beam is diffracted not by a single acoustic wave with the vector K4 hut by a set of acoustic waves with wave

vectors lying within some angulur interval. The value of the augle of divergence Xaw ix found by the forpmin
1%
Aas = .
f?leﬂ'

Here Il stands for the effective length of the region of acoustcoptic interaction, It is well known that the
TeQy crystal is acoustically anisotropic. In view of this, as shown in Fig. I, the sound group velocity vector
S in the diffraction plane forms an angle ¥ with the sound wave vector K4. It should be noted that the
angle ¥ much exceeds the angle « in magnitude. For example, when the sound wave vector is oriented at
an angle o = 10°, the angle of “drift” of the acoustic column is equal 0 ¥ = 54°. The effective length of
interaction is determined. with due regard for the sound wave drift. as the transverse size of the acoustic
column Lg = {scosur, where {5 is the size of the PP-2 piezoelectric transducer. Tle bouadaries of the
frequency band Af can be obtained from the condition |pl.g| € 0.87. The expressions for the detuning n
and the frequency band Af at o # 0 and v # 0 are written in the form

2rng (TR AR+ AR
n= m\/l—[”—5111(u-—93)+~{'--\_'—-—\lcoscr]
A ng Zﬁ'ﬂg 3

'2‘:1'?11'

A

cos(p — Og) + (Ks + AK)sin v, (7)
Alnl

vV ) .
:{:—\:{nismﬁg + S sy

s

Afin

—-\/ng—(-nicosf)gzt%co;ww)g]:ng, ()
Af=Afi+Af,

where #p is Brags’s angle of incidence, i. e., the angle between the direction of the wave vector of the incident
light, k:, and a perpendicular to the direction of the sound wave vector K4, in which case g = 0. — o
Equations (7). (8) are obtained from the vector diagram {Fig. 2 b). When analyzing Eq. (3), one can see
that, in the absence of the sound wave drift, Eq. (8) transforms into {3), and if the condition of phase
synechronization n = 0 is fulfilled, relation (6) can be obtained from Eq. (8). To accomplish wide-aperture
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spectral filtering, we propose to use shift acoustic waves propagating at an angle @ = 10° to the {110]
direction in the paratellurite crystal.

The specific feature of the proposed method of filtering is that, with the same direction of light prop-
agation in the crystal, the light beam can effectively interact with either of the two acoustic waves. The
directions of propagation of the light beam and the frequency of the ultrasonic waves excited by the PP-1 and
PP-2 transducers are selected so that the Bragg condition of synchronization is satisfled for the interaction
with either of the acoustic waves (see Fig. 3). The calculations have shown that an effective wide-aperture
interaction occurs upon light diffraction by an acoustic wave generated by the PP-2 transducer at an ul-
trasound frequency fo = 113 MHz. In this case, the angle of incidence of the mwouochromatic light with
A = 0.63 pm is equal to 23.5°. At the same time, it follows from Fig. 3 that the interaction of an optical
wave lncident at an angle #, = 23.3°, with an acoustic wave generated by the PP-1 transducer. can be
observed at an ultrasound frequency f; = 53 MHz. Depending on which of the two transducers generates
the acoustic wave, either the first or the second Bragg's diffraction mode will be achieved. As mentioned
above, the diffraction mode with o = 10° is a wide-aperture and (in contrast to the diffraction with a = 0°)
a narrow-band mode.

It shouid be noted that when acoustic waves are excited, beams of two types emerge from the outlet of
the acoustooptic cell. The beam that has passed the cell features extraordinary polarization. i.e.. the same
as that of the incident light. The diffracted light beams arve polarized orthogonally ta the input hewun andd
propagate at angles Ay and Abg to the incident light beam. o caleulate the angles Avy, we uay oxe e
vector diagrams (Fig. 2). The expression obtained is written as

Af):g:UB—COS_i(n—:COSQB). Sy
iy

We have calculated the angles ABy for two modes of Bragg's diffraction. The calenlarion has shown thar
at o = 0 the angle of spatial separation between the zero and the diffracted heams inside the ervsral is
Afy = 1.3°. while outside the erystal it is A®) = nyAfy =~ 3°. When the acoustooptic filter opoerares in
the wide-aperture diffraction mode, Ay = 2.6° inside the crystal and AQy = npAlys = 5.3° outside the
crystal. The values of the angle of deviation of the diffracted beam from the incident beam are of luterest
because they actually deterrhine the maximum angular aperture for light beams at which the dilfracted
and the passed-through beams remain spatially divided. Therefore, the examination of the acoustooptic
interaction in a TeQy crystal shows that the maximum optical angular aperture is 3° with ditfraction by the
acoustic wave generated by the PP-1 piezoelectric transducer and it is 3.8° for the wide-aperture interaction
geometry. ’

The spectral passband A\ is the most important characteristic of the acoustooptic filter. As mentioned
above. the passband depends on the divergence of the optical and acoustic beams. In dealing with callinared
light with A8 < 1. the spectral resolution depends on the divergence of ultrasonic waves. Caleulations using
Egs. (4). (3) and (3} indicate that, with the same size of the piezoelectric transducers, {; = {» = 3 mm,
the minimum passband in the wide-aperture diffraction mode is equal to AXds = 45 A and for o = 0 we
have Ad; = 30 A. The filter passbands as functions of the angular apertures in the TeO» cryvstal. calenlared
by means of Eqs. (4)-(8), are shown m Fig. L. where curve | corresponds to the acoustooptic nfernciion
geometry with @ = 0, while curve 2 1s obtained ar o = 10°. Figure 4 shows that, if the ultrascund divergenve
15 neglected, the passband of ehe filter operating in the first diffraction mode increases linearly with increasing
angular aperture of the incident light and reaches 330 A at Af# = 1.3°. For the wide-aperture geometry of
the acoustooptical interaction, the dependence AA[(A#) is quadratic. In this case, the spectral passband
Ay = 90 A corresponds to the angular aperture AJ = 2.6°. Therefore, the diiference in rhe scattoring
selectivity at o = ) and a = 10° is at least four-fold.

As noted above, the use of light heams with angular apertures exceeding Afy results in a spatial
superposition of the incident and the diffracted beams {Fig. 5). The initial lightbeam carrving no useful
information is usually suppressed by polarization selection, using crossed analyzer and polarizer. In this case,
however, no total astenuation of the passed-through light beam can be obtained because of the interference
of the polarized radiation that has passed an anisotropic mediuvnmi. In [8] it is shown shat the expression for
the relative intensity of she residual light fluxes is given by

I 5 tan” 2sin’ 4.
Iy~ “{tan® ¢ +sin®8,)?’

(10)
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Fig. 4
Spectral passband of the filter as a function of the optical angular aperture: a = 0 (1) and
o= 10° (2).
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Fig. 3

Spatial separation of the passed-through and the diffracted beams.

where the angles #. and ¢ determine the directions of light propagation n the crystal in the acoustooptic
mteraction plane and in the orthogonal plane, respectively. The calculation using formula (10} shows that
in the case of coherent light with a wavelength A = .63 pm and Ad = 2.6°, the illumination at the angular
aperture boundary is I/Ip = 0.26%. In the case of incoherent light the interference patterns are summed
up for each spectral component, and a wide-band noise signal of undiffracted light arrives at the receiver.
Information on the residual light flux alone is not sufficient for an estimation of the device operation. In
addition. the signal-to-noise ratio at the device output must be taken into account. The expression for the
signal-to-noise ratio has the form

T(Ag}AA

"= W00 o

where T{Ap) is the transmission coefficient of the acousiooptic device for a maximum intensity of the
diffracted light; ®(As) is the noise illumination; A; and As are the limits of the variation of the light spectral
composition. It should be noted that, when the passed-through and the diffracted beams are separated in
space, no residual light flux is observed, and the ratio »x — oo. When the light beam is diffracted by an
acoustic .wave propagating at an angle o = 10° to the [110] direction, the signal-to-noise ratio is not high.
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When the optical angular aperture Af is 2.6°, x = 9. Therefore, it is desirable that the passed-through
and the diffracted beams should not overlap in space. At the same time, with o = 0 the filter passband is
wide, and the useful signal to noise ratio increases: » = T0. Therefore, overlapping of the initial and the
diffracted light beams is admissible and one can choose an optical angular aperture Af of 2.6%, which wiil
be a maximurmn permissible angular aperture for a wide-aperture diffraction with o = 10°. As a result. the
two studied modes of filtering the electromagnetic radiation with different selectivity of interaction of light
and sound are characterized by the passbands AA; = 700 A and AX, = 90 A, ie., the difference is nearly
eight-fold.

Thus, the calculations of the parameters of acoustooptic filtering presented in this communication sug-
gest the conclusion that it is possible to achieve spectral selection of uncollimated electromagnetic radiation
in a paratellurite crystal using two Bragg diffraction modes. The modes of the fiiter operation have a dissim-
ilar selectivity of light and sound interaction, and their passbands differ from each other by about an order
of magnitude. The possibility to control the spectral passband is an unquestionable advantage of the filters,
which can be designed on the basis of the above-discussed type of acoustooptic interaction.
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