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We propose a novel method to calculate acousto-optic �gure of merit in crystals. Calculations are performed
in laboratory coordinate system where Z′-axis is collinear with wave vector of ultrasound and the Fresnel equation
is considered as an equation on the third component of refractive index vector. The method is applicable to both
uniaxial and biaxial crystals. In this paper, we compared obtained values of acousto-optic �gure of merit with
values from literature data for uniaxial crystals such as paratellurite, lithium niobate, tellurium and for biaxial
crystals such as lead and strontium tetraborates. Calculations in paratellurite were carried out for slow-shear
acoustic wave propagating along [110] crystal axis. In lithium niobate crystal, we perform comparison with results
for geometry of acousto-optic interaction where acoustic wave vector forms 88◦ angle with X crystal axis and 150.4◦

angle with Z crystal axis. In tellurium crystal, we investigate geometries applied in infrared de�ectors. In SrB4O7

and PbB4O7 crystals we analyze acousto-optic characteristics of slow-shear mode propagating along [100] crystal
axis. Spatial distributions of acousto-optic �gure of merit and acoustic frequency for the mentioned acousto-optic
interaction geometries are presented.
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1. Introduction

Acousto-optic (AO) devices are widely used in image
processing, laser spectroscopy, optoelectronics, medicine,
etc. [1�3]. These devices control characteristics of a laser
beam di�racted on gratings generated by ultrasound in
crystals. Intensity of di�racted light depends on acous-
tic driving power and AO �gure of merit (AOFM) M2.
In contemporary AO devices, planes of light and ul-
trasound interaction are limited to basic crystal planes,
which is not optimal. In order to �nd optimal geometries
of AO interaction, it is necessary to develop an e�ective
method of precise and fast calculation of M2 coe�cient
for arbitrary directions of light and ultrasound. In ad-
dition, selection of optimal M2 values for ordinary and
extraordinary light beams propagating along arbitrary
directions provides an opportunity to design AO devices
not sensitive to polarization of incident light [4, 5].

2. Calculation method

In a crystalline media, AOFM is determined by the ex-
pression [1, 4]:

M2 =
1

4n0n1ρV 3

×
[
d
(1)
i εijεkld

(0)
l pjkmn (rmmn + rnmm)

]2
, (1)

where n0 and n1 � refractive indices of incident and
di�racted plane waves, respectively, εij � components

of dielectric permittivity tensor, d
(0)
l and d

(1)
i � corre-

sponding components of a unit electric displacement �eld
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vector for incident and di�racted optic waves, pjkmn �
photoelastic tensor components, rm and mn � compo-
nents of acoustic polarization and wave normal vectors,
ρ � medium density and V � phase velocity of ultra-
sound. Polarization direction r and phase velocity V of
an acoustic wave can be found by solving the Christo�el
elastodynamic equation [1]:(

cijklmjmk − ρV 2δil
)
ri = 0, (2)

where cijkl � components of elastic tensor, and δ � the
Kronecker delta symbol.
Directions of incident and di�racted light are deter-

mined according to momentum conservation law

k1 = k0 +K, (3)

where k1 and k0 � wave vectors of di�racted and inci-
dent light, correspondingly, K � wave vector of ultra-
sound. Optic wave polarization and refraction index can
be found by solving the Fresnel equation [6]:(

n2δij − ninj − εij
)
ej = 0, (4)

where n � absolute value of refractive index vector n
with the components ni and nj , ej � components of elec-
tric �eld related to the electric displacement �eld com-
ponents described by the relation di = εijej .
Equation (3) can be solved analytically for the case

of isotropic or optical uniaxial media. This approach
was applied in the papers [7�9] for particular geometries
of AO interaction. Unfortunately, the used method of
analysis is not applicable to biaxial crystals. In our ap-
proach, we use for calculations laboratory coordinate sys-
tem (X ′Y ′Z ′) where Z ′-axis is collinear with ultrasound
wave vector direction. The Fresnel Eq. (4) is considered
as an equation on the third component n′z′ of refrac-
tive index vector while �rst two components (n′x′ , n′y′)
are assumed to be known. Data in Fig. 1a represents
refractive index surfaces for ordinary and extraordinary
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light propagating in an anisotropic (for example, uniax-
ial) crystal in the transformed coordinate system where
acoustic wave vector m becomes vertical. Intersections
of the vertical line with the refractive index surfaces give
directions of the incident and di�racted light, as shown
in Fig. 1b. After multiplication by the scaling factor
2π/λ, we obtain the wave vectors which satisfy the mo-
mentum law in Eq. (3). The length of the acoustic wave
vector determines the magnitude of acoustic frequency.

Fig. 1. (a) Scheme of AO interaction in labora-
tory coordinate system. (b) Cut of refractive index
surfaces crossed by acoustic vector with a number
of intersections.

In case of biaxial crystals, it is not possible to obtain an
analytical expression describing propagation direction of
the di�racted light. It should be mentioned that generic
algorithms providing solution of non-linear equations re-
quire several dozen iterations in order to solve the Fresnel
equation with a tolerable accuracy. On the other hand,
in the proposed method, a single iteration in solving the
Fresnel equation gives us information on the optic and
acoustic wave vectors satisfying momentum conservation
law, on the polarizations of the incident and di�racted
light as well as on the frequency of ultrasound. It means
that the new method is several dozen times faster and it
is applicable to both uniaxial and biaxial crystals.

3. Results

Paratellurite crystal is very important for AO in the
visible range due to the high M2 value. In Fig. 2 spa-
tial distributions of the �gure of merit M2(θ, ϕ) and the
ultrasound frequency f(θ, ϕ) are shown at the [110] di-
rection of ultrasound propagation. In the �gure, θ and ϕ
� polar and azimuthal angles of the crystal coordinate
system. We performed the calculation without consider-
ation of optical activity, piezoelectric e�ect and assuming
linear polarization of incident and di�racted light. There-
fore the maximal value M2 ≈ 800 × 10−15 s3/kg, which
agrees with literature data [10, 11].
Lithium niobate (LiNbO3) demonstrates good AO

properties and strong piezoelectric e�ect. This crystal is
widely used in acousto-optic, electro-optic and nonlinear-
optic devices, high-frequency piezoelectric transducers,
delay lines, etc. [1�5]. Elastic constants in Eq. (2) were
�sti�ed� in order to take piezoelectric e�ect into account.
We compared calculated M2 values for 13◦-Z cut of

Fig. 2. Spatial distributions of �gure of merit
M2(θ, ϕ) s

3/kg (a) and frequency f(θ, ϕ) MHz (b) for
the acoustic mode with V = 617 m/s in TeO2 crystal,
acoustic wave direction [110], anisotropic di�raction.

Fig. 3. Spatial distributions of �gure of merit
M2(θ, ϕ) s3/kg for the acoustic mode with V =
3986 m/s in LiNbO3 crystal, (θa, ϕa) = (150.4◦, 88◦),
isotropic di�raction (o → o).

LiNbO3 with values known from literature [4, 5]. This
cut was thoroughly investigated in mentioned literature
because of close values of AOFM for two optical polariza-
tions (ordinary and extraordinary). Spatial distribution
M2(θ, ϕ) is shown in Fig. 3 for the direction of ultrasound
wave vector propagation (θa, ϕa) = (150.4◦, 88◦), where
θa � angle between acoustic wave vector and Z crystal
axis and ϕa � angle between acoustic wave vector and
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Fig. 4. As Fig. 3 with V = 974 m/s in Te crystal,
acoustic wave direction [100], anisotropic di�raction.

Fig. 5. As Fig. 3 with (a) V = 4480m/s in PbB4O7 (a)
and V = 5470 m/s in SrB4O7 (b), acoustic wave direc-
tion [100], anisotropic di�raction.

X crystal axis. The maximal magnitude of M2 for the
di�raction from ordinary to ordinary light wave is close
to the magnitude known from the article [9].

Tellurium (Te) crystal is interesting as a material for
AO devices operating in the far infrared range of elec-
tromagnetic spectrum. Our calculations were carried out
without consideration of the piezoelectric e�ect due to its
low in�uence on the acoustic wave velocities and polariza-
tions [12]. The obtained spatial distribution of M2(θ, ϕ)
for the direction [100] of the longitudinal ultrasonic wave

propagation is shown in Fig. 4. The presented values of
M2 are in close agreement with data in Ref. [7].
Lead and strontium tetraborates PbB4O7 and SrB4O7

are promising AO materials because of the high value
of AOFM [13]. Maximal AOFM values for PbB4O7 and
SrB4O7 in mentioned article are in good correspondence
with obtained values represented in Fig. 5. Calculations
in both crystals were carried out for slow-shear mode
propagating along [100] crystal axis with polarization
along [001] crystal axis.

4. Conclusions

A fast and precise method of AOFM calculation is
proposed. The method allows calculating spatial distri-
butions of AOFM and acoustic frequency for both uni-
axial and biaxial crystals. Results obtained with the
new method for crystals TeO2, LiNbO3, Te, SrB4O7 and
PbB4O7 are in a good agreement with literature data
which con�rms validity and applicability of the proposed
calculation method.
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