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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 tl1eoretical ·study of the feasibility of spectral filter· 
ing of uncollimated optical bean1s 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 diffrnc tio11 
modes witl1 different selectivity of interaction of light and sound. 

Tunable acoustooptic filters haYe presently foun<l \\·ide application in 1na.ny !1eld:- of ,..;cienc>: <tlni !(:di­

nology [!]. The filters provide spectral filtering and optoelectronic processing of both collirnat.ed and 11n­
·:ollirnated light beatns. as \\'ell CIS optical intag;es. The infonnat.ion obtainc:d ;\·Lili iii.-: :11 1·! 1:.i' t!i·::-:.~ iii1, ;--.. 

on the spectral distribution c:,f Lhe 1~lect.r<jtttag:netic n-LJiatiott fro1n \"'1ri•jlJ."' ,_·,hj1:1'.l.s ,,11;it.:,,~ 1 L,· ··, .~· :1r·.·f,. r· 1,_, 
determine the structure of these objects. to study their properties and to rnonitor prnc,,sst:::'s O<~c11rri11'!- 111 

these bodies. The acoustoopric 1ilters have rnany ach:autages. such as a narro\\' spectr;1! pci.-.:sh;-iarl. f:1;':t ,~[,.-:-c­

tric tuning in a \\ride range of light \vaveleng:ths. the possibility to control the rr:111srni:;;~io11 COt'ffic:i{~nt 1)f rl1°: 
device, and large values of angular apertures. The acoustooptic devices provide filtering: of electro1nag;11Ptic 
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 dra\vbacks. For exatnple. 
\vhen the angular aperture of the optical beam is fixed, the acoustooptic device is not capable of retuning: 
the passband in a \Vide range. ··iet in practice it is often necessary to have a filter \vith <\ cornrollnble spectral 
band and then it is desirable that the band should be varied in a \.vide range, e.g., by se\"eral r 1u1es. One 
of possible solutions of this problem consists in using a filter \vith a sectioned transducer Ir is \\"f'll kno\1·t1 
that the passband ~,.\ of the li.lter. all other paran1et.ers b·~ing equaL depends on ll1t -,!Zt' •Jt. 1 lie r"Sl'Jn 
of acoustooptic interaction and is deternlined by the length l of the piezoelectric transducer [l]. In suclt ct 
filter. the selectivity of interaction of light and sound is controlled by amplitude-modulated and phase-.--hifted 
electric signals applied to the sections of the piezoelectric transducer. Ho\vever, this rnethod of the spectral 
band control is rather cumbersome and inconvenient. for practical application. 

In this paper, \Ve propose a t\VO-stage analysis of optical images .. .\t the first stage. the \\"hole i111n.g~ 

is studied \vith a relatively lo\V spectral resolution R = A. 0 / ~A. This stage allo\VS fragnlents and detn,i\s of 
interest to be promptly identified. A.t the second stage, one studies in detail the identified regions rather 
than the entire image. Obviously, the second stage of the study requires a rnuch hig;her resol11rio11. of the 
filter .. .\t the second stage t.he filter passband ~/\ n1ust be reduced . 

. .\ ne\vly proposed rnethod of spectral tilt.ering: of i1nages ls ba.-;eJ 011 the 11~e of a11 ac.:: .. ustor:.opric tilter 
with a con1plex configuration having t\vo piezoelectric transJucers. as :::;howu in Fig.\. 'fh1~ sele•21iu111.a1L he 
effected in a paratellurite crystal \vi th a noncollinear geometry of the acoustooptic interaction by exciting t\\'O 

shift acoustic waves by means of piezoelectric transducers PP·l and PP-2. One of these \vaves propagates 
along the [110] a.xis of a Te02 ·crystal and the other \.vave propagates at a certain angle a: to this direction. The 
light beam can interact \Vith both the first and the second acoustic \vave. The :filtering of the electroinag:netic 
radiation is provided by the selectivity of the anisotropic Bragg's scattering of light by slo\v shift acoustic 
\vaves propagating close to the direction (110] of the paratellurite crystal. The utilization of these a.caustic 
modes enables one to obtain a high acoustooptic quality and to provide a diffraction efficiency close to unity 
using comparatively lo,v.po,ver sources of ultrasonic waves [1]. 

It is generally accepted that the diffraction phenomenon may be considered as a photon-phonon in­
teraction. A. quantun1 of incident light \Vith a \vave vector ki produces a quantum of diffr.ctcted li~l1t with 
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Fig. 1 

Noncollinear acoustooptic filter based on a paratellurite crystal \\"ith t\\"O diffraction n1odes. 

a wave vector kd = ki; + K, where K is the phonon •.vave vector. It is convenient to calculate the pa­
rameters of acoustooptic filtering for each acoustic wave separately. Fig. 2 a sho\vs a vector diagram of 
the photon-phonon interaction during light diffraction frorn a sound \vave. 'vhen the sound propagates in 
the [110] direction. The incident light features an extraordinary polarization \Vhile the diffracted bea1n has 
an ordinary polarization [2-4]. The vector diagram sho\\'s that the diffraction occurs only 'vhen the angle of 
incidence 8;;. counted fron1 the LOOI.] direction. the ultr;1sounJ. frequency f,. and the li~\n \\'Cl\·,;\<'H.:_;,1\1 ,\ ;1r•~ 

connected by the relationship 

I 1 I 

\vhere ni = none(n~ cos2 (}= + n6 sin2 tJ;; )- L/"2, n0 , n.: are the refractive indices of rhe ordinary and extr?tordi­
nary waves, respectively; and l/ is the velocity of ultrasound. At the ~vavelength .,\ = 0.63 µn1, the refractive 
indices of Te02 are no = 2.26, n, = 2.41, while the velocity of ultrasound in the paratellurite crystal at 
a= O is V = 616 m/s. The dependence of the angle of incidence 0, oflight with the wavelength.\= 0.63 µm 
on the acoustic frequency f i.s sho,vn in Fig. 3 (curve 1). 

a J, 

(110] (110] 

Fig. 2 

\-'ector diagran1s of a. uoncollinear acoustooptic interaction: the. direction of tlie so11nd i::t 
orthogonal (a) and nonorthogonal (b) to the optical axis. 

It is clear that \vith monochromatic illumination the diffraction frequency band .:)..f depends on the 
angular aperture of the incident light. :lB, and increases with its enlargement. In the case of a collimated 

.\-! 
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Fig. 3 

~.\ngular-frequency characteristic for paratellurite. 
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optical beam (~8 = 0), the diffraction is observed in some nonzero frequency band !;,,./. The interaction is 
provided by the divergence of the ultrasound. The angle of acoustooptic \\·ave divergence is found by the 
forn1ula 

""·here ft is the size of the P P-1 rransducer. 
In order to find the filtering; pararneters. one tnust kuo\V the 1nag:nitude or' the dctuuin~ 17. \\'hicli 

characterizes the degree of phase nUsalignment during the acoustooptic interaction: kr + 1( 1 +~I(+ n 
kd1 [·5]. The expression for the detuning can be obtained \Vith the help of n vpc:tor cli:1:..:,rct1H t Fi~. :2 ;:i): 

2rrno 
ry = -,\- [ 

.\(I\1 +~I\) n, sin 8, ] ' 2:rn, -e 
1 - - - -- co::s - ' 

.27rno no ,\ .. 
(2) 

\Vhere FC1 = 27rf1/V is the \Vave number of the ultrasonic \Vave and !;,.J( = 2;r~f /l./. In this case, for the 
fixed angle of light incidence ec;, Bragg's interaction \Vith an efficiency higher than 50% takes place in a 
certain frequency band !::if. An expression for this band can be obtained using relation (2): 

v [ ' J ' ( ,\hi ) ' l !;,.fi.2=±-:\ nis1nOz-no- nicosfJ;± 
2

'.7 =F/1, 

:,,f =:,,ft +:,,h 1:·;1 

The value of / 1 corresponds to the rnaxin1u1T1 intensity of the diffracted light aud is fouud by forrnuln. ( l ). It 
is clear that relation (3) transforms into ( l), if 17 = 0 and i:J..f = 0. 

It is kno\Vn frorn [l] that the diffraction intensity depends on the Jetuning 171. \\.hen d1e condition 
lr1ll :::::;; O.SiT is fulfilled, the diffracted light intensity decreases no more than by half. Taking into account the 
restriction on the detuning, relation (3) is used to find the band 6..f. Using the obtained value of the light 
diffraction frequency band, \\'e can calculate the filter passband~.\ for the case of incoherent light. In [G] it 
is sho,vn that ~f and _1,\ are interconnected via the relation 

I IJ 

From the graph in Fig. 3 and relation (4) it follo,vs that the selectivity of the acoustooptic interaction 
increases \Vith the angle Of light incidence 0:, because at 8: - ;r/2 the diffraction becOnleS close tot.he 
collinear one. 

\\'hen using the uncollimated light beams \Vith large angular apertures 2i..B, ,,,..e may neglect the sound 
divergence and consider that the spectral passband is determined solely' by the light beam divergence. 
Providing that ne - no >> no, the passband can be estimated by the formula 

unV 
.:l..\ =Ti cos e,:,,e, (5) 
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where Lln = n~ - no. 
Equation (5) sho\VS that the spectral resolution linearly increases \vith the angular aperture of the 

incident light. Therefore 1 acoustooptic filters that use acoustic waves propagating in the [110] direction and 
operating with uncollimated optical beams are always characterized by a comparatively \vide spectral band. 

Compared to devices based on the above discussed geon1ecry of acouscoopcic interaction, che \\·ide­
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 [llO] direction [5-7]. The 
vector diagram of the photon-phonon interaction is shO\VIl in Fig. 2 b. The light bean1 is diffracted by an 
ultrasonic \\'ave excited by the PP-2 piezoelectric transducer. In [6, i] it \Vas found that the \\'ide-aperture 
geometry of the acoustooptic interaction is realized in a Te02 crystal at values of the angle c~ in the range 
of 0 < a < 19°. For the \Vide-apert11re geon1etry of the interaction. the fnnction (}:: ( f) h:1s J. sonte\\·hat 
different behavior than in the case of a= 0. ~-\. fa1nily of the functions ()=(f) for various values of the angle 
a is given in Fig. 3 . .-\.t the point \vhen the tangent line to the O::(f) curve is vertical. a tllinor variation 
of the ultrasound frequency corresponds to a significant change of the a.ngle of incidence. This points to 
the possibility of practical application of che \vide-aperture diffraction for studying light bea111s \\"ith \\"ide 
angular apertures and obtaining a better resolution. 

The relationship for the sound frequency f2, the wavelength,\. and the light bea1n angle of incidence B:: 
at o "f: 0 is \vritten in the form 

h = ~ [ n; sin(B, - a) - Jn& - ni cos2(B, - a)]. (6) 

Regardless of the direction of ultrasonnd propa::;ation in the paratellurite crystaL the incidenr. li'.!ht 
bea1n is diffracted not by a single acoustic "'ave with the vector K::i hut by a set of aco11st-ic \\'aves with \\'rt\·i: 

\·ectors lying \\·ithin son1e au.:;u!ar interval. "fhe value oft.he a.ucle of diverge!lc(~ ...10:: i::, f011nd hy t It·~ k'r11111Lt 

Here leff stands for the effective length of the region of acoustooptic interaction. It is \vell kno\vn that the 
Te02 crystal is acoustically anisotropic. In vie\v of this, as sho\vn in Fig. 11 the sound group velocity vector 
S in the diffraction plane forn1s an angle 1j; \Vith the sound \vave_ vector K2· It should be noted that the 
angle 'lb much exceeds the angle a in magnitude. For example, \Vhen the sound \\'ave vector is oriented at 
an angle a = 10°: the angle of ·'drift=' of the acoustic column is equal to tb = 54°. The effective length of 
interaction is determined. \vith due regard for the sound \vave drift. as the transverse slze of the aco11sr.ic 
colu1nn I""ff = l2 cost'. \Vhere /2 is t-he size of the PP-2 piezoelectric transducer. "fhe bo11ndc11·ies of the 
frequency band ::if can be obtained fron1 the condition )ryl':!ff] ( O.S;;. The expressions for the detut1i11g: 17 

and the frequency band .j.,f a.t u ¥:- 0 and i.v ¥:- 0 are \vritten in the forrn 

:!;mo J [ n, . >,(!{., + ..),[{) 'i' 
ry=-- 1- -s1n(u-Ds)+ - cost·· 

,\ no 2r.no J 

2rrn; ( , n ) (f" " '") . , --.\-CO~lfJ-os + \.2+~.i\. Slil!J,1. 

'f V [ · n >,fry! · ' ~ l'l =±- l1jS1IlClB±--Sllll,'.J 
·- ,\ 2;r 

- j n6 - ( n; cos OB ± >,~;I cos¥•)' ] 'f h 

~! = _),ft + ~/,, 

(7) 

(8) 

\vhere 8 B is Bragg)s angle of incidence. i.e .. the angle bet\veen the direction of the \Vave vector of the inci<lent 
light. ki, and a perpendicular to the direction of the sound \•,rave vector 1(2, in \vhich case Os = 0:: - Ct. 

Equations (7), (8) are obtained from the vector diagram (Fig. 2 b). \~lhen analyzing Eq. (8), one can see 
that, in the absence of the sound wave drift, Eq. (8) transforms into (3), and if the condition of phase 
synchronization 1) = 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 a = 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 t\vo acoustic \Vaves. The 
directions of propagation of the light beam and the frequency of the ultrasonic \Vaves excited by the PP-1 and 
PP-2 transducers are selected so that the Bragg condition of synchronization is satisfied for the interaction 
>vith either of the acoustic \Vaves (see Fig. 3). The calculations have shown that an effective \vide-aperture 
interaction occurs upon light diffraction by an acoustic \Vave generated by the PP-2 transducer at an ul­
trasound frequency !?. = 118 ~IHz. In this case, the angle of incidence of the ruonochro1natic ligl1t \vlt-h 
,,\ = 0.63 µm is equal to 23.5°. A .. t the same time, it follows from Fig. 3 that the interaction of an optical 
\vave incident ilt an angle (:}z = 23.5°, \Vith an acoustic \Vave generated by the PP-1 transducer. can be 
observed at an ultrasound frequency f1 = 55 i\IHz. Depending on \Vhich of the t\vo transducers generates 
the acoustic \vave, either the first or the second Bragg's diffraction mode \vill be achieved. As mentioned 
above, the diffraction mode \vith a = 10° is a \vide-aperture and (in contrast to the diffraction \vith a = 0°) 
a narro\v-band mode. 

It should be noted that \vhen acoustic waves are excited, beams of two types emerge from the outlet of 
the acoustooptic celL The beam that has passed the cell features extra.ordinary polarization, i.e .. the same 
as that of the incident light. The diffracted lig;ht bea1ns are polarized ortho~onally [O rlit> input h,':11!1 :111,I 

propagar.e at aug;les _\i)dl aud _\Ud::! tv the inciJent lig,lit be<.u11. 'fo c;.ilo..::uluLe the angles ...J..11.J°. we 111c1y 11:-'c r1t'--' 
vector diagrams (Fig. "2). The expression obtained is written as 

. ( ll. ) ...J..0,1=IJB-co5-" _::_cos&/J . 
n,J 

\Ve have calculated the angles ~Gd for t\\"O 1nodes of Bragg's diffraction. The cnlcnl<'ltion has sho\\"ll 1 har 
at o = 0 the angle of :"pati;il s.;-;parat.ion bet\\·een the zero and the diffracted bf.'nnts insid1~ th•, cry ..... r;d i ..... 
~(}dl = 1.3°. while outside the crystal it is ~8 1 = nu~Odl::::. :) 0

. \\'hen tile acoustooptlc fil!tcr opi:·rnr.e,.: in 
the \\'ide-aperture diffraction n1ode, ~(}d 2 = 2.6° inside the crystal and ...J..8 2 = n0...J..OJ2 == .).6° out:;ide t lie 
crystal. The values of the angle of deviation of the diffracted bean1 fro1T1 the incident be~t111 are of irir.ere::-r. 
because they actually deterrhine the maximun1 angular aperture for light beanis at \vhich the diffracted 
and the passed-through beams remain spatially divided. Therefore, the exarnination of the acoust.ooptic 
interaction in a Te0 2 crystal sho\VS that the inaximun1 optical angular aperture is 3° \Vith difrraction by the 
acoustic wave generated by the PP-1 piezoelectric transducer and it is 5.8° for the \vide-aperture inter;1ction 
geomeEry. 

The spectral passband ~,,\ is the most important characteristic of the acoustooptic filter. A_s mentioned 
above. the pa:55band depends on the divergence of the optical and acoustic bea1ns. In d1~:1ling \\·ith cc,Jlint;it.:,1 
light \\"ith ..:::,.() ~ 1. the spectral resolution depends on the divergence of ultrasonic \Vaves. C'aku[::i.tion:" usin~ 
Eqs. l4). (5) and (8) indicate that, \vith the same size of the piezoelectric transducers, 11 = !'2 = .) n1n1. 

the n1inimum passband in the \vide-aperture diffraction n1ode is equal to ..l.\ 2 = 4.j . .\. and for a: = 0 \\"e 
have ~..\1 = 30 . .\.The filter passbands as functions of the angular apertures in the Te02 crystal. calc11lated 
hy tneans of Eqs. (--t)-(S), are :;ho\YD in Fig. -1. \\'here .;urve l corre:-;ponds to the r>cciu:-;to•.J!Hic ln!·~r;1,_·1ion 

geornetry with a= 0, \vhile curve 2 i5 obtained at o = 1U 0
• Figure 4 5liO\VS that, if 1,J1e ultra;-;01111J diver:;<?nt.:e 

is neolected, the passband of the filter operating in the first diffraction rno<le increases linearly \\'itl1 i11creasing 
angular aperture of the incident light and reaches 3-SO .-\ at ~e = 1.:3°. For the \vide-aperture g~o111etry of 
the aconstooptica! inter.action. the derendence ..l.\(..l&) is quadratic. In tliis case, rlie spt~ctral pn . .,._ .. hn1irl 

..l,\:2 = ~10 .,.\ corresponds to t.he augu!ar aperture ..lO = 2.6°. Therefore. the Jjjf,~rence- in rht~ sc;1tl•.'rin~ 
selectivity at a = 0 and a = 10° is at. least four-fold. 

As noted above, the use of light beams \Vith angular apertures exceeding ..l()a results in a. srat.ial 
superposition of the incident and the diffracted beams (Fig. 5). The initial lightbeam carrying no useful 
i11forn1ation is usually suppressed by polarization selection, using crossed analyzer and polarizer. In this cn.:<;e, 
ho\vever, no total attenuation of the passed-through light beam can be obtained because of tlte interference 
of the polarized radiation that has passed an anisotropic n1ediun1. In [8] it is sho\vn that the expression for 

the relative intensity of the residual light fluxes .is given by 

I tan'.] ~sin 2 £J .. 
- - ·) r " 
Io - ""(tan2 .p+sin2 B;;)2' 

I lO) 
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Fig. 4 

Spectral passband of the filter a.s a function of the optical angular aperture: Ct= 0 (1) .1.nd 
<> = 10° (2). 

Fig. 5 

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

\\'here the angles B:: and 9 deter1nine the directions of light propagation in the crystal in the acou~tooptic 
interaction plane and in the orthogonal plane, respectively. The calculation using forrnu!a ( 10) sho\\'S t.!lat 

in the case of coherent light \Vith a \Vavelength >. = 0.63 µm and !:::..() = 2.6°, the illumination at the angular 
aperture boundary is I/ Io = 0.26%. In the case of incoherent light the interference patterns are sun1med 
up for each spectral component, and a \vide-band noise signal of undiffracted light arrives at the recei\'er. 
Infor1nation on the residual light flux alone is not sufficient for an estin1ation of the device operation. In 
addition. the signal-to-noise ratio at the device output n1ust be taken into account. The expression for the 
signal-to-noise ratio has the form 

(11) 

\Vhere T( Ao) is the transmission coefficient of the acoustooptic device for a nlaxin1un1 intensity of the 
diffracted light: <P(..\o) is the noise illumination; ..\ 1 and . .\:i 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 - 'x.. \Vhen the light bearn is diffracted by an 
acoustic.\vave propagating at an angle o· = 10° to the [110} direction, the signal-to-noise ratio is not high. 

48 
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When the optical angular aperture t>.0 is 2.6°, " = 9. Therefore, it is desirable that the passed-through 
and the diffracted beams should not overlap in space. At the same time, with "' = 0 the filter passband is 
wide, and the useful signal to noise ratio increases: " = 70. Therefore, overlapping of the initial and the 
diffracted light beams is admissible and one can choose an optical angular aperture '10 of 2.6°, which will 
be a maximum permissible angular aperture for a wide-aperture diffraction \vith o- = 10°. A.s 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 Ll.-\ 1 = 700 A and .6..-\ 2 = 90 A. i.e., the difference is nearly 
eight-fold. 

Thus) the calculations of the paran1eters of acoustooptic filtering presented in this con1n1unication sug­
gest the conclusion that it is possible to achieve spectral selection of uncollin1ated electrotnagnetic raJiation 
in a paratellurite crystal using t\YO Bragg: diffraction modes. The modes of the filter operation have a dissi1n­
ilar selectivity of light and sound interaction 1 and their pa.ssbands differ fro1n each other by aboitt 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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