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Abstract. We have shown that the maximal acoustooptic figure of merit for the
collinear type of acoustooptic diffraction in LiNbO; crystals is peculiar for the
interaction with acoustic wave QT polarized parallel to the principal Z axis. All the
interacting waves in this case propagate in the principal plane XY along the direction
inclined by 50 or 130 deg with respect to the X axis. The acoustooptic figure of
merit for this interaction type is equal to 10.07 x 10~ s*/kg.
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1. Introduction

Collinear acoustooptic (AO) diffraction represents a particular case of AO interactions when
the wave vectors of all the interacting waves have the same or the opposite directions. In other
words, the incident and diffracted optical waves, as well as the acoustic wave (AW)
are characterized by collinear wave vectors [1]. This kind of diffraction can be implemented in
the two interaction geometries: (i) a transmission interaction type when all the wave vectors
are parallel (the diffraction angle amounts to y=0) and (ii)a reflection type when the

wave vectors of the incident and diffracted optical waves are anti-parallel (the diffraction

angle y =180deg ). The appropriate geometries are illustrated in Fig. 1. The transmission

type of the collinear AO interactions can be only anisotropic, while the reflection type can
be both anisotropic and isotropic. Note that the collinear AO diffraction of the reflection
type is feasible at high enough AW frequencies only, whereas the transmission type can
also be observed at low frequencies. The collinear AO diffraction is now successfully used
for tunable AO filtering [2-5]. One can also remind of polarization converters constructed
basing on the anisotropic collinear AQO diffraction [6].

One of the principal characteristics of AO devices is their diffraction efficiency given by the
relation [2]:
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Here A denotes the wavelength of optical radiation, P, the AW power, ®, the Bragg

angle, M, the AO figure of merit (AOFM), and L and H respectively the height and the width of
the acoustic beam. One can see from Eq. (1) that the AO diffraction efficiency is mainly defined
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by the AOFM. The latter parameter, which has been introduced for the first time by T. M. Smith
and A. Korpel [7], is defined as
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In Eq. (2), n; and n; are the refractive indices respectively for the incident and diffractive
optical waves, p,, denotes the effective elastooptic coefficient (EEC), p the material density, v;
the velocity of the AW taking part in AO interactions, and the indices i and j correspond

respectively to the directions of propagation and polarization of the AW. In case of the collinear
interactions, Eq. (1) reads as

2
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where A= LH is the acoustic-beam area and / is the interaction length [5].

Usually the collinear AO diffraction is associated with the interacting waves that propagate
along the principal crystallographic axes and, therefore, it deals with the EECs determined by the
elastooptic tensor components like p,,, Pis, Psi> Psys P> Pss» P> Pes a0d pgs [1, 8]. The

matrix of elastooptic coefficients for the LiNbOj; crystals belonging to the point symmetry group
3m also contains the relevant component, p, . However, it is very small for LiNbO;

(-0.051+£0.011 [9]) and, as follows from the results presented in this paper, the appropriate
AOFM is as low as 1.15x 107" s’/kg. We are to stress in this respect that the collinear AO
diffraction can become efficient enough only in the case when the EEC is not too small (e.g.,
>0.05 [1]).

Moreover, if we restrict ourselves to the propagation of waves along the crystallographic
axes, the geometry of anisotropic collinear interaction that relies on the coefficient p,, = p,, is

strictly limited: all of the waves should propagate along the b axis. On the other hand, it is known
from the literature (see Ref. [5]) that the collinear geometry can yield in the AOFM as large as
7.5% 107" s¥/kg in the case of propagation of the interacting waves close to the optic axis (20 deg
with respect to the ¢ axis in the bc plane). Irrespective of its reliability (see below), this result
certainly hints that, among different collinear AO interaction geometries, one can expect to find
the geometries more efficient than a standard one that corresponds to propagation of the waves
along the crystallographic axes. This resource stems from anisotropy of AO properties, which must
be peculiar for any crystalline material.

In the present work we will analyze the AOFM anisotropy for the collinear AO interactions
occurring in a canonical nonlinear optical and AO crystal, lithium niobate. LiNbO; is now
efficiently used for constructing collinear mode converters [10-12], Bragg cells [13] and AO
tunable filters [14]. In the most of cases, these devices are used as AO waveguides based on
integrated-optical principles, since lithium niobate represents a well-known material for fabricating
planar or channel waveguides. Notice that the interaction geometry in these devices has earlier
been chosen from the viewpoints of technology [13], bandwidth versus efficiency and optical
wavelength versus efficiency optimizations [11, 12]. Concerning a further optimization of the
collinear AO interaction geometry from the standpoint of AOFM anisotropy, the authors know of

Ukr. J. Phys. Opt. 2016, Volume 17, Issue 4 177



Kryvyy T. et al

the only work [5], where the anisotropy of AO properties in LiNbOj; has been considered in the bc
plane. The authors of Ref. [5] have found that the maximal AOFM (~ 17x 10 "%s’/kg) can be
reached when the waves propagate approximately at the angle —25 deg with respect to the b axis in
the bc plane. Unfortunately, the other interaction geometries have not been considered. As a result,
the scope of the present work includes the analysis of anisotropy of the AOFM for the case of
collinear AO diffraction, using lithium niobate as both important and practical example.

Z
Ko=2m1tNo/\ Z ko=21tho/\
kd
X Kac X
. :d
ke=2mne/),
(a) (b)

Fig. 1. Two geometries of collinear AO interactions denoted as (a) transmission and (b) reflection types. ki ,

kd and Kac are the wave vectors of incident, diffracted and acoustic waves, respectively.

2. Results and discussion

Let us analyze the AOFM anisotropy using a theoretical method developed in Refs. [15, 16] for
the trigonal crystals that belong to the symmetry groups 3m, 32 and 3m. One of the mirror
symmetry planes in LiNbOj is perpendicular to the crystallographic axis a [17], while the ¢ axis is
parallel to the three-fold symmetry axis. Here the crystallographic axes a, b and ¢ correspond
respectively to the X, Y and Z axes of Fresnel ellipsoid. The refractive indices at the optical
wavelength 4 =632.8 nm are equal to n,=2.286 and n,=2.203 [17], i.e. LiNbO; is optically
negative (n, >n,). The elastooptic coefficients at the same wavelength are as follows [9]:

p11=-0.023+£0.017, p12=0.076 £ 0.014, p13=0.147£0.019, p31=0.157 £ 0.007,
P33 =0.141 £ 0.013, p14=0.057 £ 0.004, ps; =—0.051 £ 0.011 and p4s = 0.126 = 0.004. Finally, the
elastic stiffness coefficients under the conditions of constant electric field are equal to Cy; =2.03,
C12=0.573, C;3=0.752, C33 =2.42, C44=0.595, C¢=0.728 and C,,=0.085 (all in the units of
10'"N/m?), and the density of LiNbO; amounts to p = 4640 kg/m’ [18].

The relations for the EEC suitable for the anisotropic diffractions have been derived
elsewhere [15, 16]. They correspond to the interactions with quasi-longitudinal (QL) and two
quasi-transverse (QT; and QT,) waves. These interactions correspond to so-called types VII, VIII
and IX, respectively (see in Refs. [15, 16]). The wave QT is polarized in the interaction plane XZ
parallel to the Z axis, and the polarization of the wave QT is perpendicular to this plane.

In this work we concentrate on the transmission type of anisotropic collinear diffraction, for
which the diffraction angle is equal to y =0 . We obtain the following relations for the interaction

types VII, VIII and IX:
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In Egs. (4)—(12), the angles ¢y and ¢, determine the rotations of the interaction plane XZ
respectively around the X and Z axes, the angle ¢, describes the rotation of the interaction plane
YZ around the Y axis, and 6 is the incident angle of the optical wave with respect to the X (or ¥)
axis. The orientation angle of the AW vector with respect to the X (or Y) axis for optically negative
crystals is given by
sin6

* .
\/no2 cos® O +n?sin’ 0

n,sin(0 +y)— n:ne

(13)

X = arctan

cos@

* .
\/no2 cos’ 0 +n§ sin® 0

n, cos(0 +y)— n:ne

The parameter n: in Eq. (13) depends on the angles of rotation of the interaction plane @y
and @y around the X and Y axes:
"= Lol . (14)

¢ 2 2 2 .2
\/"e cos”(@y or @y)+n, sin”(¢y or ¢y)

Then the relations for the AOFM read as

2 2 2
3 63 (v 3 3 ( (v 3 93 (IX)
o {py™ | vy _ o™ 2™ () __ ol rs")

- (0 _

32772

Vil
Mé ) = 3 7(15)

p[VQL (Z’¢X,Y,Z):| .D[VQTI (Z:(OX,Y,Z )T 7 p|:VQTZ (Za@X,Y,Z )}

where Vo, (X,@xy.2) s Vor (Xs@xyz) and Vop (X,@xy ;) define the changes in the AW

velocity occurring in different interaction planes. Finally, the modified refractive indices become

as follows:
*
nyn, % nn

* o'e
"= — 1.2, ¢ w22 . 2 2’ (16)
\/no cos” 0 +n, sin” 0 \/(no —n;)cos” @y (or ¢y )sin” 0 +n,

It is worthwhile that the momentum conservation law in a general case of non-collinear AO
diffractions involves a triangle of interacting wave vectors. Therefore, the AOFM anisotropy must
be considered for different interaction planes defined by the triangle mentioned. On the other hand,
it is enough to consider the interaction directions, instead of the interaction planes, in the case of
collinear diffraction. In the latter case, one can analyze the rotations of the interaction planes
determined by Eqgs. (4)—(12) with respect to a single axis, e.g., the axis Z. Due to the three-fold
axial symmetry of the LiNbO; crystals, it is enough to change the ¢, angle by 120 deg with
respect to the Y axis, or by 150 deg with respect to the X axis. Completing consideration of these
rotation ranges by the analysis of the overall change 0-360 deg in the incidence angle 0, one can
be sure in covering the whole solid angle 47 sr of any possible interaction directions.

Below we report in brief the main results of our analyses for the dependences of AOFM and
EEC on the 6 angle at different ¢, angles (see Fig. 2, Fig. 3 and Fig. 4). As seen from Fig. 2, the
AOFM is very small for the type VII of AO interactions with the AW QL: its maximal value is
only 0.25x 107"° s’/kg at ¢, =0, 60 or 120 deg and 6 =0 deg. This AOFM corresponds to the
propagation of the interacting waves along the X axis or along the direction symmetrically
identical to the X axis in the XY plane.
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Fig. 2. Dependences of EEC and AOFM on the incident angle @ for the type VII of collinear AO interactions in

LiNbOs.
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Fig. 3. Dependences of EEC and AOFM on the incident angle 6 for the type VIII of collinear AO interactions in

LiNbOs.
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For the type VIII of AO interactions, the maximal AOFM (10.07 x 107" s*/kg) is peculiar to
the interactions with the AW QT (see Fig. 3). It is achieved at ¢, =50 deg (or 130 deg) and

6 =0 deg. The maximal AOFM value is reached when the optical and acoustic waves propagate
in the XY plane along the direction that deviates from the crystallographic axes. Finally, the
maximal AOFM for the type IX of interactions with the AW QT is equal to 3.5x 107"° s°/kg (see
Fig.4). This AOFM characterizes the interaction of waves propagating in the XZ plane
(¢; =0deg) atthe 0 angles equal to 45, 135, 225 or 315 deg.
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Fig. 4. Dependences of EEC and AOFM on the incident angle 6 for the type IX of collinear AO interactions in
LiNbOs.

Hence, the global AOFM maximum for LiNbO; occurring in the case of collinear AO
diffraction is reached if one deals with the AO interactions with the AW QT (i.e., the type VIII).
Of course, this AOFM value is not so high if compared with the best AO materials (see, e.g.,
Refs. [19, 20]). Nonetheless, for the case of collinear interaction this AOFM can lead to a 100%
efficiency at the interaction lengths 10" m, 4=25mm’ A=632.8 nm and the AW powers as
small as 5x 1072 W.

As follows from Fig. 2, Fig. 3 and Fig. 4, the anisotropy of AOFM is determined by the
anisotropy of EEC. Notice also that our results differ from those presented in the work [5]. For
example, we predict the AOFM 2.5x 107"° s3/kg (the interaction type XI, ¢, =90deg and

6 =70 deg) for the geometry of collinear interactions at which the interacting waves propagate
close to the optic axis (20 deg with respect to the c axis in the bc plane), whereas the authors [5]
report somewhat larger value (7.5x 107" s*/kg). Moreover, according to our data, the AOFM
value equal to ~ 17x 10"°s*/kg cannot be reached with LiNbO; in the case of collinear AO
interactions. The differences among our results and those of Ref. [5] are, most probably, caused by
different elastooptic tensor components used in AOFM calculations. For instance, the EEC
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characterizing AO interactions in the plane bc (the propagation direction is inclined by 20 deg with
respect to the ¢ axis) is equal to —0.108 [5], although, according to our data, it is notably less

(

with the experimental data since, for the best of our knowledge, the experimental results on the

=0.07). Unfortunately, we cannot directly compare our results for the maximal AOFMs

Py

efficiency of collinear AO interactions in the XY plane of LiNbO; have not yet been presented in
the literature.

3. Conclusions

In the present work we have analyzed the anisotropy of AOFM for the collinear AO interactions
occurring in the LiNbO; crystals. The analysis has been performed for the three types of anisotro-
pic interactions, those with the AWs termed as QL, QT; and QT,. We have found that the maximal
AOFM is peculiar for the type VIII of interactions with the AW QT;, which is polarized parallel to
the principal Z axis. Under the conditions of this diffraction, all the interacting waves propagate in
the principal plane XY along the direction that makes the angles 50 or 130 deg with respect to the X
axis. The AOFM value is then equal to 10.07x 107" s’/kg. We have also shown that the anisotropy
of AOFM for the case of collinear diffraction is determined by the EEC anisotropy.
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Anomayia. Iloxazano, wo makcumanivHe 3HAYeHHA KoeiyicHma axKyCmoOnmuyHoi AKOCHi
011 KOJMIHeapHOl aKyCmoonmuyHoi ougpakyii 6 Kpucmanax Hiobamy Jaimilo NPUMamaHHe
63aemo0ii 3 akycmuunoio xeunero QT noasapuzosanoio napanenvho 00 2onoenoi oci Z. Tooi eci
83AEMOOIOUI XBULE NOWUPIOIOMbCS 8 20106HIU naowuni XY y HanpsamKax, wjo GiOXuiaomscs 6io
oci X na xymu 50 i 130 epad. Bionogione 3nauenus koeghiyienma akycmoonmuuuoi sxkocmi
crnadac 10,07 x 1077 ke,
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