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Abstract

The acoustic and acoustooptic (AO) properties of KLiB4O; crystals are
experimentally studied and analysed. It is shown that the above crystals can be
used as a material for AO applications. The AO figure of merit calculated for the
slowest acoustic wave is equal to M,=(332+120)x10*°s¥kg. Propagation of the
acoustic energy flow in KLiB4O; for the cases of transverse and longitudinal
acoustic waves is considered. It is shown that the obliquity for the slowest
transverse wave is relatively small and so it cannot affect essentially the
efficiency of AO interaction.
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Introduction
The borate family crystals such as a-BaB,O,, p-BaB,O,, Li,B,O,;, PbB,O; and
SrB,O; are known as efficient materials for nonlinear optical, acoustooptic (AO) and

acoustic applications (see [1-14]). A wide range of their optical transparency, particularly
in the ultraviolet region [15-19] (up to 125 nm for SrB,O5 [18, 19]), and a high level of

optical damage threshold [19, 20] make them attractive for optoel ectronics.

KLiB4O; crystals abbreviated hereafter as KLTB are grown by using isovalent
substitution of half of Li atoms by K onesin theinitial Li,B,O; compound [21, 22]. At
the room temperature KLTB belongs to the acentric point group of symmetry 222 [21,
22], the lattice parameters being a =8.4915A , b=11.1415A and c=12.6558A [22].

In our previous works [23, 24] some optical, acoustic and AO properties of the
KLTB crystals have been studied. It has been shown that the AO figure of merit (AOFM)
reaches the value of M, =32x107®s%kg for the case of propagation of transverse

acoustic wave along the crystallographic direction [010], its polarization parallel to [001],
the light wavelength of 4 = 632.8 nm and the temperature T = 293 K [24]. It is necessary
to note that, in principle, one can achieve a higher AOFM since the acoustic wave
mentioned above could turn out to be not the slowest one, due to the acoustic anisotropy
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effect. Therefore the aim of the present paper is to study anisotropy of the acoustic and
AO properties of the KLTB. We address also the obliquity of the acoustic energy flow
with respect to the wave normal which can give rise to changing conditions of AO
interactions.

Results and discussion

Propagation of acoustic waves in crystals may be described in terms of the Christoffel
equation [25, 26],

Cijummcq = pU°g, )
where Cj; denote the components of the elastic stiffness tensor, m, the components of

unit vector of the wave normal, ¢ the components of the unit displacement vector, o the

density of material, and v the phase acoustic velocity. The true phase velocities are given
by eigenvalues of Eg. (1). From Eq. (1) it follows that three acoustic waves can propagate
along agiven direction, with their displacement vectors being mutually orthogonal .

In a genera case, the values of the phase and group velocities are different in
acoustically anisotropic media. This can manifest itself in the obliquity of direction of the
acoustic energy flow with respect to the wave normal. The components W; of the group

velocity vector may be determined from the transformed Christoffel equation [25, 26]:
1
W, =—Cigaiqm 2
j oU ijki aa ( )

The angle between the directions of the energy flow and the wave normal (i.e., the
quantitative parameter of the obliquity) may be calculated using the relation [27]

tan(p - y) =T1¢)Z—; , 3

where ¢ isthe angle between the crystall ographic axis and the wave normal direction, ¢
the angle between the crystallographic axis and the acoustic energy flow, and u(¢) the
phase acoustic wave velocity for the given direction of acoustic wave propagation. The

relations describing changes in the acoustic wave velocity depending on the direction
(v(@)) may be obtained from the Christoffel equation.

Let us consider propagation of longitudinal and transverse acoustic waves in the
KLTB crystals. The acoustic wave velocities and the stiffness tensor coefficients for the
KLTB have aready been determined in our previous works [24]. The corresponding
surfaces of the acoustic wave velocities are shown in Fig. 1.

As seen from Fig. 1, the minimal acoustic wave velocity (QT,) for the KLTB
corresponds to the transverse acoustic wave propagating along the direction that lies in
(011) plane (the angle 45° with the crystallographic axis c). Its displacement vector

belongs to (011) plane and is oriented at the angle of 45° with respect to that
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crystallographic axis (see Fig. 1c). For this case one can evaluate the AOFM for different
geometries of AO interactions. The conditions of AO interactions are presented in Fig. 2.
Given the mentioned polarization of the acoustic wave, the strain tensor may be
written as
0 0 0
0 05e, -05e |, 4
0 -05e, 0.5e,
where e4 means the effective strain caused by displacement paralel to the polarization
direction. The equation of the optical indicatrix perturbed by the strains given by Eq. (4)
could be written in the following form:

(Bl +0-5( P * p13)eef )X2 +(Bz +O-5( Pp + p23)eef ) y’
+(Ba +0.5( Py, + Py )&y ) 2 —pugsyz =1
where B; are the initial optical-frequency dielectric impermeability components. Now we

will derive the relations describing the AO interaction presented in Fig 2a. Let the
incident light propagate along the direction ¢ and the electric displacement vector be

directed along the crystallographic direction b (see Fig. 2a, case 1). Accounting for Eq.
(5), we can write the relations for the AO interaction as

AEgﬁQ =0.5(p,, + Py —2p24)e§ D;’
AESMQ = 0-5( Py T Py _2p44)eé\3 Dzw
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Fig. 2. Schematic diagrams of AO interaction with the slowest acoustic wave
propagated along [011] direction in the KLTB (the velocity v; =2280n/s).

where AEJ.“’+Q and D” are respectively the components of the electric field of the
diffracted optical wave and the electric displacement for the incident wave.
The photoelastic coefficients p,,, p,; and p,, for the symmetry group 222 are
equal to zero, so that Egs. (6) become as follows:
{AE;’*Q =0.5(p,, + Pys)ES D;’. o
AE"™® = ~p,ef Dy

It follows from Egs. (7) that the case 1 in Fig. 2a corresponds to anisotropic type of
AOQ interaction. Let us estimate the corresponding AOFM. The direction of polarization
of the diffracted light may be obtained after calculating the angle between the acoustic
wave and the diffracted light on the basis of Fig. 2 (case 1) and using some algebra. The
polarization vector of the diffracted light in the KLTB crystals makes the angle 2° with
the crystallographic axis c. Therefore Egs. (7) read as

NES*® = 0-49( P2€S + Posel ) D’ @®
AESH? = —0.04pyed DY

Notice that nearly isotropic AO interaction takes place in this case. The relation
between the electric field AEJ.“”Q of the diffracted optical wave and the electric

displacement of the incident light is as follows:

AESH = \/0.24( Pas + Paz)’ +(-0.04py, ) €2 DS . 9)
The AOFM is defined as (seeg, e.g., [25])
n6 2
M, = 2Pd (10)
yoll,
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Using the values of piezooptic coefficients and the elastic stiffness tensor
coefficients obtained in our recent study [24], one can calculate the photoelastic
coefficients with the standard relation (see [26])

P = 75 C (11)

Kimn *
These coefficients are as follows: p;;=(0.2+0.1), p;,=(-0.36+0.13),
Pss =(0.4£0.1), while the error associated with determination of the coefficients pi,,

P;, and p,; is about 100%. The pgy value involved in Eqg.(9) is equal to

Pes =\/O.24( Pas + Pa3)’ +(-0.04ps,)° =(0.8 +0.3) and the rest of the parameters are
0 =2190kg/m®, v=2280m/s and n, =1.54275. Then one finaly gets the AOFM:
M, =(332+120) x10™°s’/kg .

For the incident light polarised along the crystallographic direction a (see Fig. 2a,
case 2) the following relation describing the AO interaction holds true:

AE™ =05(p,, + py)es D, (12)

In this case a purely isotropic type of AO interaction is realised. The py valuein
Eq. (12) is pg =0.5(pp + pi3) =(-05+0.2). Then on the basis of parameters
0 =2190kg/m®, v=2280m/s and n, =1.58236 one gets the corresponding AOFM
(M, = (140 +50) x10™°s*/kg).

For the cases 3 and 4 (see Fig 2a) we have respectively the relations

g0 = 0
w+Q Q 2\pw’ (13)
AEg =0-5( P32€et + P33t )Ds
AES" = 0-5( P2€S + Pogelt ) D3’ - pasesf D5’
Q Q Q Q ' (14)
B = ~pyeg Df’ +0.5( pyed +paed | Df°

Here Eqgs. (14) describe a general case of AO interaction of the optical wave with the
transverse acoustic wave propagating along (011) direction, with the displacement vector

amost paralel to (011) (Fig. 2a). In order to estimate AOFM values following from

Egs. (14) it is necessary to know the direction of incidence of light and the acoustic wave
frequency. Notice that the equations considered above are partia cases of Egs. (14).

One can readily evaluate the AOFM for the case described by Egs. (13) using the
method adopted for the case described by Egs. (7). For the optical wave propagating
aong the crystalographic direction b, the polarization vector of the diffracted light
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propagating in the (011) plane makes the angle 2° with respect to the b axis. Then
nearly isotropic AO interaction takes place. Egs. (13) may be rewritten resulting in
{AES’*Q =-0.04p,e2DY

w+Q Ow (15)
AEY? =0.49( py, + Py ) €5 Ds

Unfortunately, the py value entering in Egs. (13) could be determined with high

enough error. We note here only that the AOFM for this case of AQO interaction should be
smaller than ~50x10™°s’/kg .
The anisotropic types of AO interaction (see Fig 2b, cases 1 and 2) are described by
the relations
AEC =0-5( PesEs + Pezes _ZpMeéf?)DZM +
: (16)
"'0-5( Pso€s + Psaed —2p54e§)D§" =0

AES* =0-5( P26 + Pty _ZpMeéfz)Dlw =0

AES™® :0-5( Ps2€S + Psa€y —2Pss€ ) D =0
These types of interactions cannot be implemented in practice since

Ps2 = Pe3 = Pe4 = Ps2 = Ps3 = Psg =0.
For the acoustic wave propagating along the direction that makes the angle 45°
with respect to the crystallographic axis ¢ in (011) plane, an obliquity of the acoustic

energy flow can appear, leading to decreasing efficiency of the AO interaction. It is
necessary to note that, in a general case, the displacement vector of the acoustic wave
propagating oblique to the principal crystallographic directions cannot be orthogonal to
the acoustic wave propagation direction. To calculate correctly the group velocity and the
obliquity of acoustic energy flow, non-orthogonality of the displacement vector and the
acoustic wave normal should be accounted for. It particular, thisis of primary importance
when deriving the relation that determines the effective photoelastic coefficients and, as a
result, the conditions for the AO interaction.

Using the Christoffel equation, one can calculate the deviation angle 4 of acoustic
polarization for the wave propagating in the KLTB crystalsin (011) plane. It determines

(17)

distinction of the acoustic polarization from its purely longitudinal type and may be found
from therelation [25]

ing(Cy3+C
A=¢—larctan Sing(Czs , ) .
2 COS¢(C22-C44)+SIH¢(C44 _C33)
Non-orthogonality of the quasi-transverse wave may aso be calculated with
Eqg. (18), but the angle of 90° should then be added.

The dependence of deviation of the displacement vector from the propagation
direction of the acoustic wave is shown in Fig. 3. As seen from Fig. 3, the deviation of

(18)
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Fig. 3. Dependences of deviation of the displacement vector from the wave
vector direction for the longitudinal and transverse acoustic waves
propagating in (011) plane (T =293K).

about 7° can appear for the acoustic wave propagating along the direction located in
(011) planeand inclined by 45° with respect to the crystallographic axis c.

This deviation cannot notably affect the accuracy of determination of the effective
photoel astic coefficients and, thus, the precision of the conditions of AO interaction.

Let us now consider propagation of the acoustic energy flow in the (011) plane of

the KLTB crystals. We have calculated the obliquity for the acoustic energy flow from
Eq. (3). The dependences of the obliquity value on the propagation direction of the
acoustic wave for both the longitudinal and transverse waves are shown in Fig. 3.

As seen from Fig. 4, the obliquity is equal about to 7° for the case of transverse

acoustic wave QT, propagating in the (011) plane along the direction inclined by 45°

with respect to the ¢ axis. In principle, influence of the obliquity on the AO interaction
efficiency should be taken into account under these experimental conditions.
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Fig. 4. Dependences of the obliquity angle for the longitudinal and
transverse acoustic waves on the direction of acoustic propagation in the
KLTB crystals (T =293K).
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Nevertheless, the obliquity is quite small and so does not impose a significant effect. The
largest acoustic obliquity (—26°) have been obtained for the transverse acoustic wave

QT, which is polarised aong [011] direction and propagates in the (011) plane under

the angle of ~ 20° with respect to the b axis (70° with the ¢ axis). It is seen from
Fig. 1c that the latter direction corresponds to a maximal angular change in the acoustic
wave velocity. In other terms, the results obtained by us agree well with the known
theoretical predictions [26]: the highest value of the acoustic obliquity should take place
for the direction characterised with the highest angular changes in the acoustic velocity.

Notice also that zero acoustic obliquity has to correspond to the condition Z—; =0.

Hence, on the basis of the results for the KLTB crystals obtained above one can
conclude the following. The obliquity of the acoustic energy flow, which has been
determined for the transverse acoustic wave propagating in the (011) plane along the

direction inclined by 45° with respect to the crystallographic axis ¢, should be
accounted for when designing AO devices, though the effect cannot affect notably the
efficiency of the AO interaction in any practical AO experiment.

Conclusions

1. The AO properties of the KLTB crystals are thoroughly analysed. It is shown that the
KLTB may be used as a promising material for AO applications. The AOFM
caculated for the dowest acoustic wave velocity is equa to

M, = (332+120) x10 °s®/kg. This is comparable with the values peculiar for

highly efficient AO materials.

2. The obliquity of the acoustic energy flow is analysed for the both longitudinal and
transverse acoustic waves propagating in the KLTB crystals. It is shown that the
deviation of the energy flow direction from the wave normal is equa only to 7°
under the experimental conditions corresponding to the highest AOFM and arising
from the interaction with the slowest acoustic wave. This allows for an efficient AO
interaction.

References

1. Komatsu R, Sugawara T, Sassa K, Sarukura N, Liu Z, Izumida S, Segawa Y, Uda S,
Fukuda T and Yamanouchi K, 1997. Growth and ultraviolet application of Li,B4O;
crystals: generation of the fourth and fifth harmonics of Nd : Y3Als04, lasers. Appl.
Phys. Lett. 70: 3492—-3494.

2. IshidaY and Yajima T, 1987. Characteristics of a new-type SHG crystal f-BaB,O, in
the femtosecond region. Opt. Commun. 62: 197-200.

3. Cheng L K, Bosenberg W and Tang C L, 1988. Broadly tunable optical parametric
oscillation in -BaB,O,. Appl. Phys. Lett. 53: 175-177.

4. Mori Y, Yap Y K, KamimuraT, YoshimuraM & Sasaki T, 2002. Recent devel opment

172 Ukr. J. Phys. Opt. 2009, V10, Ne3



Acoustooptic

of nonlinear optical borate crystals for UV generation. Opt. Mater. 19: 1-5.

5. Petrov V, Rotermund F, Noack F, Komatsu R, Sugawara T and Uda S, 1998. Vacuum
ultraviolet application of Li,B4O; crystals. generation of 100 fs pulses down to 170
nm. J. Appl. Phys. 84: 5887-5892.

6. PetrovV, Noack F, Shen D, Pan F, Shen G, Wang X, Komatsu R and Alex V, 2004.
Application of the nonlinear crystal SrB,O; for ultra-fast diagnostics converting to
wavelengths as short as 125 nm. Opt. Lett. 29: 373-375.

7. Martynyuk-Lototska |, Dudok T, Krupych O, Adamiv V, Smirnov Ye and Vlokh R,
2004. Acousto-optic diffraction in borate crystals. Ukr. J. Phys. Opt. 5: 111-114.

8. Martynyuk-Lototska I, Mys O, Krupych O, Adamiv V, Burak Ya, Vlokh R and
Schranz W, 2004. Elastic, piezooptic and acousto-optic properties of borate crystals
(BaB,Os, Li,B4O; and CsLiBgO10). Integr. Ferrodectrics 63; 99-103.

9. Martynyuk-Lototska I, Dudok T, Mys O and Vlokh R, 2008. Elastic, piezooptic and
acousto-optic properties of SrB4O; and PbB,O; crystals. Opt. Mater. 31: 660-667.

10. Martynyuk-Lototska |, Mys O, Dudok T, Adamiv V, Smirnov Y e and Vlokh R, 2008.
Acousto-optic interaction in pB-BaB,O, and Li,B,O; crystals. Appl. Opt. 47:
3446-3454.

11. Martynyuk-Lototska I, Mys O, Adamiv V, Burak Ya and Vlokh R, 2002. Elastical,
piezooptical and acousto-optic properties of lithium tetra borate crystals. Ukr. J. Phys.
Opt. 3: 264—266.

12. Andrushchak A, Adamiv V, Krupych O, Martynyuk-Lototska |, Burak Yaand Vlokh
R, 2000. Anisotropy of piezo- and elastooptical effect in p-BaB,O, crystals.
Ferroel ectrics 238: 863/299-869/305.

13. Mys O, 2008. Obliquity of the acoustic energy flow in the acousto-optic a-BaB,O,
and Li,B40; crystals. Ukr. J. Phys. Opt. 9: 256-260.

14. Aleksandrov K, Zamkov A, Zaitsev A, Turchin P, Sysoev A and Parfenov A, 2004.
Acoustic and acousto-optic properties of lead tetraborate crystals. Fiz. Tverd. Tela
46: 1586-1587.

15. Chen C, Wu B, Jiang A and You G, 1985. A new type ultraviolet SHG crystal — [3-
BaB,O,. Sci. Sinica, Ser. B. 28: 235-243.

16. Bhar G, Das S and Chatterjee U, 1989. Evaluation of beta barium borate crystal for
nonlinear devices. Appl. Opt. 28: 202—204.

17. Zhou Guoging, Xu Jun, Chen Xingda, Zhong Heyu, Wang Siting, Xu Ke, Deng
Piezhen and Gan Fuxi, 1998. Growth and spectrum of a novel birefringent a-BaB,O,
crystal. J. Cryst. Growth. 191: 517-519.

18. Oseledchik Yu, Prosvirnin A, Pisarevskiy A, Starshenko V, Osadchuk V, Belokrys S,
Svitanko N, Korol A, S. Krikunov A and Selevich A, 1995. New nonlinear optical
crystals: strontium and lead tetraborates. Opt. Mater. 4: 669-676.

19. Oseledchik Yu, Prosvirnin A, Svitanko N, Zhagrov A, Kudrjavtzev D and Shvets D,
2000. Electrooptical properties of the strontium and lead tetraborates crystals. Visn.
Zaporizh. Derzh. Univ. 1: 189-193.

Ukr. J. Phys. Opt. 2009, V10, Ne3 173



Mys O.G.

20. Vlokh R, Dyachok Y a, Krupych O, Burak Y a, Martynyuk-Lototska |, Andrushchak A
and Adamiv V. 2003. Study of laser induced damage of borate crystals. Ukr. J. Phys.
Opt. 4: 101-104.

21. Adamiv V, Burak Ya and Teslyuk |, 2006. Growth and properties of new nonlinear
LiKB4O;single crystals. J. Cryst. Growth. 289: 157-160.

22. Ono Y, Nakaya M, Sugawara T, Watanabe N, Siraishi H, Komatsu R and Kgjitani T,
2001. Structural study of LiKB4O; and LiRbB,O;: new nonlinear optical crystals. J.
Cryst. Growth. 229: 472-476.

23. Vlokh R, Mys O, Romanyuk M, Girnyk |, Martynyuk-Lototska |, Adamiv V and
Burak Ya, 2005. Optical, ultrasonic and thermal expansion properties of LiKB4O;
crystals. Structural phase transition. Ukr. J. Phys. Opt. 6: 136-141.

24. Mys O, Adamiv V, Martynyuk-Lototska |, Burak Ya and Vlokh R, 2007. Piezooptic
and acoustic properties of LiKB4O; crystals. Ukr. J. Phys. Opt. 8: 138-142.

25. Balakshii V, Parygin V and Chirkov L, Physical fundamentals of acoustooptics.
Radioi Sviaz (1985).

26. Sirotin Yu and Shaskolskaya M, Fundamentals of crystal physics. Nauka (1982).

27. Ohmachi Y, Uchida N and Niizeki N, 1972. Acoustic wave propagation in TeO,
single crystals. J. Acoust. Soc. Amer. 51: 164-168.

Mys O.G., 2009. Acoustooptic and acoustic properties of KLiB,O; crystals.
Ukr.J.Phys.Opt. 10: 165-174.

Anomauin. V Oaniti pobomi excnepumeHmanbHo OOCHIONCEHHI | NPOAHANI308aHI AKYCMUYHI |
axycmoonmuuni (AO) eracmusocmi kpucmanie KLiB4Oy. Ilokazano, wo yi kpucmanu mosicyme
BUKOPUCOBYBAMUCH, AK AKYCIMOONMUYHI mamepianu a pospaxosanutl Koeiyicum AO axocmi
ona  Hatinosinbiwoi  axyemuunoi xeuni cmanoéums M,=(332+120)x10°C¥kr. Posznanyme
nowupenns homoky axycmuunoi enepeii ¢ kpucmanax KLiB4O; dns nogsdosacnix i nonepeunux
AKYCMUYHUX X8UTb | NOKA3AHO, WO ,, 3HOC" NOMOKY eHepeil 0151 HAlNOBINbHIuOT akyCmuyHol Xeui
€ 00CUMb HE3HAYHUM I He MOJice CYMMEGO 6nauHymu Ha eqpexmugricmo AO 63aeMo0ii.

Retraction

Behaviour of pulsed vortex beam with high topological chargein ionized dielectrics
Khasanov O.K., Fedotova O.M., Smirnova T.V., Petukh Yu.N., Volyar A.V. and
Sukhorukov A.P. 2008. Ukrainian Journal of Physical Optics 9: 10-21.

It has come to the attention of Editorial Board of Ukr.J.Phys.Opt. that this article should
not have been submitted for publication owing to its substantial replication of an earlier
paper (R.A. Vlasov, O.K. Khasanov and T.V. Smirnova 2005. Evolution of tubular
singular pulsed beams upon ionization. Quantum Electronics 35: 947-952).

Consequently this paper has been retracted by the Editorial Board of Ukr.J.Phys.Opt.

174 Ukr. J. Phys. Opt. 2009, V10, Ne3



