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1. Introduction

The method of conoscopy serves as a well-known ap-
proach for the characterization of optically anisotropic
crystals. It permits to determine such characteristics of
a crystal as category, optical sign, angle between opti-
cal axes of biaxial materials, orientation of the normal
of a sample with respect to the crystallographic direc-
tions [1-3]. This method enables to reveal anomalous
uniaxiality in cubic crystals or biaxiality in uniaxial ones.
In addition, it makes possible to estimate the mechanical
stresses causing changes in the optical indicatrix [3, 4].
The recent increasing interest to the method of conoscopy
is related to its new potential capabilities of application
in the study of optical effects in liquid crystals, nano-
structures, in mineralogy, biology, holography [5-8].

Up to date the prevailing experimental implementa-
tion of the conoscopic method is based on the exploita-
tion of polarized microscopes which are of limited use
with regard to large-size objects. Small focal lengths and
angular apertures of optical microscope set limits to the
number of observable isochromates. In the last decades
the researchers started to use lasers for conoscopic ob-
servations [9-11]. Laser ray is transformed into a bundle
of conical shape producing the conoscopic pattern on a
screen after passing through the sample. With this provi-
sion it becomes possible to form the images of high-order
isochromates gaining the information on the optical ho-
mogeneity in the interior of bulk crystals.

The correct interpretation of the experimental pattern
depends on the validity of the theory describing the shape
of isochromates of different orders. Analysis of the avail-
able publications on this matter shows that even the sim-
plest case of uniaxial crystals rests on a number of ap-
proximations resulting in uncertainties regarding to the
shape of isochromates [2, 3, 9, 12-14]. Born and Wolf in
their monograph [15] relied on a minimum of simplifica-
tions and arrived at a conclusion that the isochromates
of uniaxial crystals correspond to curves of fourth order.

(84)

In more recent papers based on some additional approx-
imations the authors arrive at a conclusion that isochro-
mates are described by curves of second order [2, 3, 7, 9,
12-14]. The available experimental or calculated isochro-
mate figures are limited by two cases for which the optical
axis either coincides with the normal to the crystal face or
is perpendicular to it [2-4]. Exact expressions for isochro-
mates were used in the present work for the calculation
of conoscopy figures of lithium niobate and paratellurite.
These crystals are widely used in acoustooptics and op-
toelectronics. Lithium niobate is also utilized as piezo-
electric actuator for acoustooptic devices. Best possible
uniformity is required to meet the demands of diffrac-
tion efficiency, spatial spectral resolution, image quality,
suppression of side maxima of instrument function, etc.

In the present work we study the optical uniformity
of large-size lithium niobate and paratellurite crystals by
the method of laser conoscopy. Furthermore we calculate
the changes of refraction indices and estimate the me-
chanical stresses responsible for the distortion of isochro-
mate shape in the interior of the specimen.

2. Isochromate equations for uniaxial crystals

The exact expression for path difference A, at which
the waves interfere to a maximum has the form [15]:

mA = h(necosfe — nocos fo) , (1)
where m is the maximum order, X is the wavelength in
vacuum. The angles of refraction S are unknown and
should be determined.

For exact determination of the isochromate coordi-
nates in the XOY plane perpendicular to the axis of
conoscopic system the crystal physical coordinate system
xyz is transformed in accordance with Fig. 1 showing the
crystal in the shape of rectangular parallelepiped, cone
of rays falling onto the crystal, wave vector of the nor-
mal m, wave vector [ of the ray falling at an angle «,
wave vector k of the extraordinary wave refracted at an
angle 3, in the crystal, coordinate system XOY in the
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plane of the screen with a point (X, Y') belonging to some
isochromate, angle ¢ between the normal m and crystal
optical axis z, and projection lens with a focal length f.
The axis Y at the screen corresponds to the projection
of optical axis z.

Screen

ray cone
axis (normal m)

Fig. 1. Scheme of the conoscopic pattern observation.
zyz is the physical coordinate system of the uniaxial
crystal, XOY is the coordinate system in the plane of
the screen, f is the focus length of the projecting lens.

The equation which may be named as equation of the
conoscopic pattern of an uniaxial crystal has the follow-

ing form:
2
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where C = X2 +Y?2 + f2.

Equation (2) is convenient for computer calculations of
the isochromate shape of any order with arbitrary angles
1) between the optical axis and normal to the crystal, and
also for the examination of the dependence of conoscopic
figures on other experimental parameters.

To finalize the theoretical question of the order of the
isochromate curves for a general case of an arbitrary an-
gle 1 between the optical axis and normal, Eq. (2) should
be reduced to a canonical form
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Thereby it is seen that in the general case the isochro-
mates are described by the equation of eighth rather than
second order. Only in some particular cases the isochro-
mates may be described by second order curves — circles
and hyperbolae. At intermediate angles ¢ the calcula-
tions give the isochromate shapes of the appearance dif-
ferent from that of second order curves. Moreover, they
have different shape for different orders of m and depend
on the incidence angle of light «.

3. Some consequences
of the isochromate equation

The analysis of Eq. (2) tells us that the changes in the
conoscopic patterns arising when one of the six parame-
ters h, A, N,, N, f and X is varied keeping other values
constant may be summarized as follows.

1. The number of observable isochromates increases
whereas the distance between them decreases with
the crystal thickness h; the number of observable
isochromates and the area of the conoscopic pattern
increase with the angular aperture A;

2. The number of isochromates increases and the dis-
tance between them decreases with the enlarge-
ment of the absolute value of the difference AN =
|Ne — Nol;

3. Increase of the focal length f results in an increase
of the distance between isochromates accompanied
by an enlargement of conoscopic pattern area;

4. The distance between the isochromates increases
with the light wavelength while the area of the
whole pattern remains unchanged.

It follows from the above remarks that with the aid of
Eq. (2) it is possible to find a combination of light aper-
ture A, focus length f and wavelength A ensuring the
most informative conoscopic figure of large-size crystal
of given thickness h and known refractive indices N,
and N.

4. Optical anomalies in lithium niobate
and paratellurite single crystals

The experimental setup for conoscopic studies included
laser with a wavelength of 532 nm, collimator, lens trans-
forming parallel ray bundle into a cone shape, analyzer,
projection lens and half-transparent frosted glass screen
having a digital videocamera behind it. LiNbOj crystals
with a diameter up to 70 mm and paratellurite (a-TeO2)
(diameter 65 mm) were chosen as objects of study.

The angle between the axes 2V in stressed LiNbOsj
and TeOy may be as high as 1.5-2.5°. Figure 2a and b
demonstrates the conoscopic figures of large-size LiNbOg3
and TeOs with considerable anomalous biaxiality in the
volume of the boules. The anomalous biaxiality decreases
with the radius towards the central part of the crystal
attaining values below 20-15" (Fig. 2c and d).

High sensitivity of the conoscopic figures to the gradi-
ent of refraction indices caused by nonuniform heating of
operating elements makes it possible to observe the aris-
ing of anomalous biaxiality in uniaxial crystals. Figure 3
shows the changes in the first order isochromate in the
conoscopic figure of paratellurite single crystal serving as
an acousto-optic line of a working deflector.

Figure 3a corresponds to the disconnected deflector at
ambient temperature of 20°C, while Fig. 3b was regis-
tered in 20 s after switching on the device into a work-
ing regime of power consumption 3.5 W at 80 MHz.
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(c)

Fig. 2. Conoscopic figures of near-surface regions of
large-size LiNbO3 and TeO: crystals with anomalous
biaxiality 2V = 50’ (a) and 2V = 1°20" (b), respec-
tively; (c) and (d) are the conoscopic figures for the
central parts of the same samples with 2V = 20’ and
2V =13’ (b), respectively.

(a (b

Fig. 3. Conoscopic figures of paratellurite element ob-
tained in no-operation mode (a) and after powering the
device (b).

Temperature measurements show that in this case a gra-
dient of ~ 5 K/cm arises in the crystal. The heat-induced
change in the position of isochromates corresponds to the
changes in refraction indices as described by Eq. (2) and
summary (ii) of Sect. 3 (the number of isochromates in-
creases and the distance between them decreases with the
increase of AN). Making the measurements of the ellipse
axes with energized device and calculating the distance
between the new foci it is possible to find the new angle
2V7 between the straight lines drawn to the foci from the
deflector. The difference of the angles 2V; —2V; should be
considered as an angle 2V, of anomalous biaxiality due
to nonuniform heating. The corresponding calculations
yield a value of 2V, = 43 + 1’

The estimates of mechanical stresses o in the crystal
volumes with anomalous biaxiality angle 2V, between the
induced axes [3] give the values of ~ 2 x 10° Pa for maxi-
mal biaxiality angles and ~ 2 x 10° Pa for minimal angles
of biaxiality (10-15’). The experiments with some other
types of AO devices have shown that even in stationary

working regimes the induced optical biaxiality may be as
high as 0.5-1°. This factor should be taken into account
in the design of corresponding devices.
5. Conclusion

The high sensitivity of isochromates to the crystal de-
fects and optical anomalies in uniaxial crystals suggests
to use the conoscopic method for optical quality testing
of acousto-optical crystals, in particular, in situ control
of optical anomalies arising due to heating by external
high-power lasers in addition to self-heating of the device.
The presented mathematical apparatus developed during
the derivation of isochromate equations makes it possible
to describe the conoscopic figures and their anomalies due
to refraction indices variations and mechanical stresses in
real crystals.
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