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Abstract

The paper deals with the spatial anisotropy of photoelastic and acoustooptical properties in b-BaB2O4 (BBO) crystals. Our

method is based on the construction and analysis of the indicative surfaces describing the spatial anisotropy of the longitudinal

and transverse photoelastic effects. By means of the stereographic projections we have determined the maximum values of photo-

elastic interaction and the anisotropy power. Having the complete photoelastic tensor we calculated the effective photoelastic con-

stant pef and the efficiency of isotropic and anisotropic acoustooptical diffractions (the figure of merit M) for different geometries of

acoustooptical interactions. The most optimal sample geometries suitable for acoustooptical applications were determined within

the computer simulations based on the optimization procedure, namely we have found the sample geometries characterizing by

the maximal efficiency for the isotropic (M = 6.3 · 10�15 s3/kg) and anisotropic (M = 40 · 10�15 s3/kg) diffractions. Taking into

account that BBO is known as a rather strong radiation-steady crystal it may be considered as new efficient acoustooptical material

for applications in optical systems with superpower laser irradiation.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The beta barium borate (BBO) b-BaB2O4 crystals are

known as efficient materials for non-linear optics appli-
cations [1,2]. In our previous papers [3–5] we reported

the piezooptical properties of these crystals. The results
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of these investigations indicate that BBO crystals can be

considered also as perspective materials for acoustoopti-

cal applications. In this respect further analysis of the

photoelastic anisotropy as well as the determination of
the figure of merit in BBO seems to be rather actual.

The present paper deals with the spatial anisotropy of

photoelastic effect in BBO single crystals. The main pur-

pose of such a study is to determine the geometry of the

most effective acoustooptical interaction, i.e., the crys-

tallographic directions for interacting acoustic and

optical waves, which are characterized by maximal mag-

nitude of the figure of merit.
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2. Calculation of the photoelastic tensor constants

The magnitudes of the piezooptical tensor constants

pD
im (at constant electric displacement D) of BBO crystals

have been reported in our recent publications [3–5].

Using these data the piezooptical constants pE
im (at con-

stant electric displacement E) can be calculated accord-

ing to the relation for non-centrosymmetric uniaxial

crystals [4,6]

pE
im � pE

klgm ¼ pD
klgm � rklsdsgm=ðeoðess � 1ÞÞ

¼ pD
klgm � Dklgm; ð1Þ

where the second term Dklgm is the secondary electro-
optic contribution, rkls and dsgm are the tensor constants

corresponding to the linear electrooptic and piezoelec-

tric effects, respectively, e0 = 8.85 · 10�12F/m, ess is the

tensor of dielectric constants. For the determination of

pE
im the following values have been used: r113 = 0.27,

r222 = �2.41, r333 = 0.29, r131 = 1.7 and d311 = �1.17;

d222 = 2.30; d333 = 3.4; d113 = �9.6 (all values are in

10�12m/V [7]); e11 = e22 = 6.7 and e33 = 8.1 [8]. The pho-
toelastic tensor constants pEin are then expressed as [4,6]:

pEin ¼ pE
imCmn ¼ pE

imS
�1
mn ; ð2Þ

where Cmn is the elastic constant matrix and Smn is the

elastic compliance matrix. Our estimations show that
the piezoelectric contribution to the elastic compliances

of BBO crystals is less than 1% thereby it can be ne-

glected and we will consider that SD
mn ¼ SE

mn. For the cal-

culation of the photoelastic constant pEin the magnitudes

of elastic compliances Smn are taken from [8], excepting

S14 only. The value of this constant is known from our

previous experimental measurements [4]. Table 1 lists

the calculated values of pE
im and pEin constants of BBO

crystals as for the temperature of 20 �C and the He–Ne

laser wavelength k = 632.8nm.

As one can see seen the BBO have rather large magn-

itudes of photoelastic constants, especially p11 and p12.

These crystals have an advantage on such known acou-

stooptic materials as LiNbO3 or TeO2 and their photo-
Table 1

The average values of piezooptic constants pD
im [3,4], elastic compliance

coefficients Smn [6], and calculated values of piezooptic pE
im, and

photoelasic pEin constants of BBO crystal (as for T = 20�C and

k = 632.8nm)

Index im

or in

pDim, Br = 10�12m2/N pEim, Br Smn, TPa�1 pEin

11 �1.7 ± 0.15 �1.6 25.63 �0.195

12 �1.35 ± 0.08 �1.46 �14.85 �0.197

13 1.75 ± 0.23 1.73 �9.97 �0.059

31 �1.6 ± 0.15 �1.6 �9.97 �0.112

33 3.7 ± 0.37 3.7 37.21 0.039

14 �2.0 ± 0.8 �1.54 22.6 [4] �0.005

41 �2.03 ± 0.07 �2.02 22.6 [4] �0.007

44 �26.3 ± 0.9 �26.3 331.3 �0.078
elastic constants are comparable with corresponding

coefficients of fused quartz [9].
3. The indicative surfaces and their stereographic

projections

The analysis of spatial anisotropy of the photoelastic

properties is based on the indicative surfaces and their

stereographic projections. The corresponding method

developed in [10] allows to describe both qualitatively

and quantitatively the anisotropy of any physical effect

in the crystals. We must mention that any ambiguity

both in determination of piezo- or photoelastic con-
stants as well as then in the constructing of the indicative

surfaces can be removed if to use always the same coor-

dinate system, in particular the one, which was used for

the determination of the piezooptic coefficients. In the

photoelastic measurements it is important also to choose

properly the positive directions of principal coordinate

system. This problem has been already discussed in de-

tails [11–13]. The equations of the indicative surfaces
of the photoelastic effect can be derived in a similar

way as for piezooptic effect (see Refs. [3,11]). In the

spherical coordinate system (h,u) these equations for

BBO crystals get the form:

p0iiðh;uÞ ¼ p11sin
4hþ ðp13 þ p31 þ 4p44Þsin2hcos2h

þ p33cos
4hþ 2ðp14 þ p41Þsin3h cos h sin 3u;

ð3Þ

p0ðiÞin ðh;uÞ ¼ p12sin
2hþ p31cos

2h� 2p41 sin h cos h sin 3u;

ð4Þ

p0ðnÞin ðh;uÞ ¼ p12sin
2hþ p13cos

2h� 2p14 sin h cos h sin 3u;

ð5Þ

where p0iiðh;uÞ is the indicative surface of the longitudi-

nal photoelastic effect, p0ðiÞin (h,u) and p0ðnÞin (h,u) are the

indicative surfaces of the transverse photoelastic effect

for light polarization and mechanical deformation,
respectively. Fig. 1(a)–(c) shows the indicative surfaces

and their stereographic projections (d)–(f) for the longi-

tudinal (p0ii – a; d) and transverse (p0ðiÞin – b,e; p
0ðnÞ
in – c, f)

photoelastic effect in b-BaB2O4 crystals calculated using

the Eqs. (3)–(5) and the data (pEin) presented in the Table

1. More details concerning the method used for a con-

struction of these surfaces is described elsewhere [3,12].

The surfaces were built using the elaborated software

by means of meridian and equatorial cross sections with

further their projection on the plane. In order to lower
shadowing the only upper part of these surfaces are pic-

tured. Complete image of each surface can be repre-

sented through an imaginary reproduction relatively to

the centre of the coordinate system.



Fig. 1. The indicative surfaces (a)–(c) and their stereographic projections (d)–(f) for longitudinal (p0ii – a,d) and transverse (p0ðiÞin – b,e; p0ðnÞin – c, f)

photoelastic effect in b-BaB2O4 crystals.
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Considering the indicative surfaces as a function of

f(h,u) (i.e. f ðh;uÞ ¼ p0iiðh;uÞ, p
0ðiÞ
in (h,u) or p0ðnÞin (h,u)) we

have calculated the anisotropy power according to the

relationship [3]

g ¼ ðV sp � jV þ � V �jÞ100%=V sp; ð6Þ
where Vsp = 4pjfextrj3/3 is a sphere volume with radius
jfextrj = max(jfminj, jfmaxj), V+ and V� are the volumes

of positive and negative parts of surface, respectively.

The anisotropy power defined in such way gives

g = 0% when the indicative surface is a sphere whereas

if V+ = V� then the effect has the maximum anisotropy

power, i.e. g = 100%.
4. Spatial anisotropy of the photoelastic effect

The longitudinal photoelasic effect in BBO crystals

(Fig. 1(a)) is characterized by the pronounced anisot-

ropy including the sign inversion. For comparison the
Table 2

Extreme values and anisotropy power for the indicative surfaces of the phot

Indicative surface Maximal value Minimal valu

Magnitude h u Magnitude

p0ii (Fig. 1(a)) 0.039 0� – �0.209

p0ðiÞin (Fig. 1(b)) �0.111 5� 30�, 150� or 270� �0.198

p0ðnÞin (Fig. 1(c)) �0.059 2� 30�, 150� or 270� �0.197
anisotropy of transverse photoelasic effect is less pro-

nounced with the lack of the sign inversion (Fig. 1(b)

and (c)). At the same time, the anisotropy power g
(see Table 2) calculated according to the Eq. (6) appear
to be a bit larger for the indicative surface of the trans-

verse effect p0ðnÞin (h,u).
In comparison to the piezooptic effect (see paper [3])

the indicative surfaces of the photoelastic effect have

essentially smaller (of about two times) value of g,
namely for p0ðiÞin (h,u) and p0ðnÞin (h,u) surfaces. In addition

they have much simpler shape and no sign inversion.
The latter fact can be explained by the small values of

the photoelastic constants p14 and p41 as well as by the

same signs of photoelastic constants p12, p13 and p31.

Several other features regarding the symmetry follow

from the detailed analysis the indicative surfaces in the

Fig. 1. The surfaces p0ii(h,u) and p0ðiÞin (h,u) clearly do

not have a rotation symmetry, what indeed is consistent

with the German�s theorem [14]. In fact, these surfaces
oelastic effect in BBO crystals (see Fig. 1)

e Anisotropy power

h u Vsp, (unit)
3 jV+�V�j, (unit)3 g,%

67� 30�, 150� or 270� 0.038 0.023 39

85� 90�, 210� or 330� 0.032 0.021 34

88� 90�, 210� or 330� 0.032 0.017 47



Table 3

Anisotropy of the acoustooptical properties in BBO crystals (as for T = 20 �C and k = 0.6328lm light wave length)

Sample

geometry

no.

Type of

diffraction

Polarization of optic wave Acoustic wave Effective photoelastic

constant pef

Figure of merit

Incidented

light il

Diffracted

light im

Refractive index Propagation

a

Polarization

f

Modea Velocity V, 103m/s M · 1015,

s3/kg

M 0 · 108,

m2s/kg

M00 · 1011,

ms2/kg

h u h u h u h u

1 Isotropic [100] [100] nl = nm = n0 [100] [100] L 5.24 p11 = �0.195 1.48 6.8 1.29

2 Isotropic [100] [100] nl = nm = n0 [010] 89� 90� QL 5.24 ~p12 = �0.197 1.51 6.9 1.32

3 Isotropic [100] [100] nl = nm = n0 [001] [001] L 3.73 p13 = �0.059 0.38 0.87 0.23

4 Isotropic [010] [010] nl = nm = n0 [100] [100] L 5.24 p21 = �0.197 1.51 6.9 1.32

5 Isotropic [001] [001] nl = nm = ne [100] [100] L 5.24 p31 = �0.112 0.31 1.34 0.26

6 Isotropic [001] [001] nl = nm = ne [001] [001] L 3. 72 p33 = 0.039 0.11 0.23 0.06

7 Isotropic [010] [010] nl = nm = n0 [010] 89� 90� QL 5.24 ~p22 = �0.195 1.48 6.8 1.29

8 Isotropic* 64� 30� 64� 30� nl = nm = 1.642 64� 30� 76� 30� QL 4.82 ~pef = �0.207 1.86 7.1 1.47

9 Isotropic** 56� 30� 56� 30� nl = nm = 1.628 56� 30� 69� 30� QL 4.58 ~pef = �0.204 1.93 6.6 1.44

10 Isotropic [100] [100] nl = nm = n0 [010] 1� �90� QT 0.92 ~p14 ¼ �0:002 0.015 0.002 0.002

11 Isotropic [100] [100] nl = nm = n0 [001] [010] T 0.93 p14 = �0.005 0.15 0.022 0.024

12 Isotropic* 26� 30� 26� 30� nl = nm = 1.571 26� 30� 121� 30.1� QT 1.56 ~pef ¼ 0:094 6.1 2.34 1.5

13 Isotropic** 21� 30� 21� 30� nl = nm = 1.564 21� 30� 114� 30.1� QT 1.40 ~pef ¼ �0:089 6.3 1.94 1.39

14 Anisotropic [010] [001] nl = n0; nm = ne [100] [100] L 5.24 p41 = �0.007 0.002 0.007 0.001

15 Anisotropic* [001] [010] nl = ne; nm = n0 41� �90� 52� �90� QL 4.11 ~pef = 0.082 0.40 1.1 0.26

16 Anisotropic** [001] [010] nl = ne; nm = n0 35� �90� 44� �90� QL 3.96 ~pef = �0.079 0.44 1.1 0.28

17 Anisotropic [010] [001] nl = n0; nm = ne [001] [010] T 0.93 p44 = �0.078 30 4.2 4.5

18 Anisotropic [010] [001] nl = n0; nm = ne [010] 1 � �90� QT 0.92 ~p44 = �0.079 34 4.6 5.0

19 Anisotropic* 4� 90� 90� 180� nl = 1.551; nm = n0 4� 90� 90� 180� QT 0.90 ~pef = �0.079 36 4.7 5.2

20 Anisotropic** 4� 210� 90� 120� nl = 1.551; nm = n0 90� 120� 9.8� 30� QT 0.88 ~pef = �0.078 40 5.0 5.7

(*) and (**)-calculated maximum values for effective photoelastic constants pef and figures of merit M respectively; n0 = 1.550 and ne = 1.667 are the ordinary and extraordinary refractive indices, respectively.
a
L (QL) and T (QT) are the pure (quasi-) longitudinal and pure (quasi-) transverse acoustic waves, respectively, symbol ‘‘�’’ over the notations pin indicates on the effective but not pure photoelastic constant.
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can be described by the point group of symmetry 3m: a

threefold axis and three symmetry planes, which are

normal to the (X1,X2) isotropic plane. This corresponds

to well-known Neumann principle [15]. At the same time

the surface p0ðnÞin (h,u) looks like to have the rotation sym-

metry although the Eq. (5) indeed again predicts the
same point symmetry, i.e. 3m. This can be explained

by very small magnitude of photoelastic constant p14
thereby the corresponding weak surface distortions are

practically not seen in the Fig. 1(g).

As the common feature for all the indicative surfaces

of both piezooptic and photoelastic effects is the exist-

ence of their circular cross section in the plane normal

to the optical axis. It means that at a given deformation,
the induced changes of the refractive indices remain con-

stant at any angular position of the light polarization or

the direction of the applied uniaxial deformation in the

isotropic (X1,X2) plane. This appears to be actual for

both longitudinal and transverse photoelastic effects.

The extreme values of p0ðnÞin (h,u) surface are not shown
on the stereographic projection (Fig. 1(g)) since they can-

not be determine by means of the Wulff network. How-
ever, they as well as the extreme values of p0ðiÞin (h,u)
surface can be found numerically by applying the condi-

tions op 0/oh = 0 and op 0/ou = 0. Such calculations give

the values of about �0.111 and �0.059 together with

the following angular coordinates h = 0.5arctan(2p41/

(p12�p31)) � 5�, u = 30� ± 120� Æ n, where n = 0,1,2,. . .
and h = 0.5arctan(2p14/(p12�p13)) � 2�, u = 30 ± 120� Æ
n for the indicative surfaces p0ðiÞin (h,u) and p

0ðnÞ
in (h,u),

respectively (see Table 2). All the rest of extreme values

presented in Table 2 were obtained from the numerical
analysis or by using the calculated stereographic projec-

tions (Fig. 1(d) and (e)) by means of the Wulff network.

A zero-isoline, which is presented on the stereographic

projection for the longitudinal effect only (see Fig.

1(d)), defines the set of directions when the photoelastic

effect is absent.
Fig. 2. The sample geometry giving the maximum figure of merit M in

b-BaB2O4 crystals (X1,X2,X3 is the crystallophysical reference system;
~k is the direction of light propagation).
5. Figure of merit

The magnitude of effective photoelastic constants de-

fines the efficiency of acoustooptical diffraction. Table 3

presents the effective photoelastic constants pef calcu-

lated according to [6,9]

pef ¼~il~imp̂~a~f q ð7Þ

where l, m = 1,2; q = 1,2,3;~il and~im are the orts of the

polarization directions for incident and diffracted light,

respectively; ~a and ~f q are the orts of the propagation

and polarization directions for acoustic wave, respec-

tively; p̂ is the photoelastic tensor. If l = m one deals with
the isotropic acoustooptic diffraction otherwise (i.e. if

l 5 m) the anisotropic type of diffraction is considered.

According to [9], the symbol q defines the polarization
of acoustic wave. The cases when q = 1 or 2 correspond

to a slow or fast transverse acoustic waves, respectively,

whereas the case when q = 3 corresponds to the longitu-

dinal acoustic wave.

Table 3 presents also the figures of merit characteris-

tics of BBO crystals calculated as [6,9]: M ¼ p2ef~n
6=qV 3,

M 0 ¼ p2ef~n
7=qV and M 00 ¼ p2ef~n

7=qV 2. Here ~n ¼ ffiffiffiffiffiffiffiffiffi

nlnm
p

,

where nl and nm are the refractive indices of the incident

and diffracted light, q is the crystal density, V is acoustic

wave velocity. In Table 3 the polarizations of optic and

acoustic waves are chosen thus that the effective constant

of pef coincides with the photoelastic constant pin. The

exceptions concern the constants p12 and p22 (see sample

geometries No. 2 and No. 7) since the acoustic waves
propagating in [010]-direction are either quasi-longitudi-

nal (QL) or quasi-transverse (QT). For this reason we

obtain the different values for p14 and ~p14 (sample geom-

etries No. 10 and No. 11) or p44 and ~p44 (sample geome-

tries No. 17 and No. 18) for the acoustic waves

propagating along the directions [001] (with the polari-

zation k[010]) and [010] (with the polarization k[001]).
The geometries of the acoustooptical interaction with

the maximum magnitudes of the effective elastooptic

coefficient pef (marked in the Table 3 as *) and figure

of meritM (marked as **) for different types of acousto-

optic diffraction have been determined within the

numerical optimization procedure. According to [9] dur-

ing the computer simulations we considered only the

case when the propagation directions for optic and

acoustic waves are orthogonal.
By analyzing the data of Table 3 we see that the most

efficient acoustooptic interaction in BBO crystals occur

for isotropic diffraction (sample geometry No. 13,

M = 6.3 · 10�15 s3/kg) and for anisotropic diffraction

(sample geometry No. 20, M = 40 · 10�15 s3/kg). The

latter case is the most attractive speaking about the
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application aspects of BBO crystals in acoustooptic de-

vices such as modulators and deflectors. In details this

geometry is shown in the Fig. 2. One should remember

that BBO are rather strong radiation-steady crystals

[16]. For this reason they may be considered as the per-

spective acoustooptical materials for application in opti-
cal systems with superpower laser irradiation.
6. Conclusion

Paper deals with the spatial anisotropy of the photo-

elastic properties in the b-BaB2O4 crystals. For this rea-

son the indicative surfaces and stereographic projections
of longitudinal and transverse photoelastic effects were

constructed. We have performed the numerical analysis

of the indicative surfaces in order to find the geometries

with the strongest photoelastic interaction. The anisot-

ropy power is also determined. Having the complete pho-

toelastic tensor we have calculated the effective

photoelastic constant pef and the efficiency of isotropic

and anisotropic diffractions (figure of meritM) for differ-
ent sample geometries of acoustooptical interactions.

The most optimal sample geometries were determined

within the computer simulations based on the optimiza-

tion procedure, namely we have found the sample geom-

etries characterizing by maximal efficiencies of the

isotropic (M = 6.3 · 10�15 s3/kg) and anisotropic (M =

40 · 10�15 s3/kg) diffractions. Taking into account that

BBO is known as a rather strong radiation-steady crys-
tals it may be considered as new efficient acoustooptical

material for applications in optical systems with super-

power laser irradiation.
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