Appearance of optical singularities at the light propagation
through glasses with residual stresses
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Abstract. We have shown that residual stresses existing in isotropic glass media
lead to appearance of polarisation singularities of optical wave front. These
singularities are characterised by the strength of topological defect equal to +1/2
and should lead to the appearance of optical vortices with the topological charge
+1. Annealing of the samples has led to annihilation of the polarisation
singularities, homogenisation of spatial distribution of the phase difference and
zeroing of the latter, thus suggesting disappearance of the residual stresses. The role
of the singularities revealed in solving the known problem of 3D stress tensor field
reconstruction is discussed.
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1. Introduction

Development of methods for reconstructing spatial distributions of internal stress fields in solid
materials represents a hot topic in experimental mechanics [1]. The control of quality and
durability of constructions requires nondestructive reconstruction of 3D stress tensor fields. One of
commonly used methods for the reconstruction of stress tensor fields is based on a so-called 3D
integrated photoelasticity [1,2]. This technique often demonstrates its efficiency while determining
3D stressed states in samples with high enough geometrical symmetry [2]. However, it cannot be
efficiently applied when analysing the models for the most generally stressed states. On the other
hand, reconstruction of 3D tensor stress fields should allow designing constructions and
constructive elements characterised with maximal homogeneity, quality and mechanical durability,
as well as minimal mechanical stresses.

As for optoelectronic elements, the problem concerns, first of all, fabrication of
semiconductor and dielectric single crystals, glasses and heterostructures, which in the most of
cases manifest some residual stresses and incompatible strains. A lot of theoretical approaches for
solving the problems of integrated photoelasticity have been offered for the difficult case of
asymmetrical objects. The principle idea of these approaches consists in consideration of the
problem from the viewpoint of optical tensor field tomography [3-5]. However, these
considerations too often represent no more than theoretical suggestions in need of further
experimental verifications. Moreover, all of the above approaches cannot be implemented without
additional a priori information about the stressed states. In addition, numerical methods for
solving nonlinear equations necessarily appearing in the problem always lead to ambiguity of
solutions.
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A number of experimental methods have been proposed for determining three main
parameters of the output optical beam, the characteristic phase shift (2A), and the primary (6)
and secondary () characteristic directions [6, 7]. All of these methods reveal relatively low

accuracy, require long-term measuring procedures, and are laborious. The optical data obtained by
means of these methods cannot be strictly used for reconstructing the stress fields. Furthermore, if
the principal axes of the Fresnel ellipsoid are rotating while the optical beam propagates in a
sample, the integral optical data obtained experimentally cannot in general be used for calculating
stress distributions inside stressed bodies. In general, 3D photoelastic samples belong to the class
of simultaneously spatially nonuniform and optically anisotropic (birefringent) media. An essential
property of such media that makes them difficult for studies is rotation of their optical indicatrix
around the light beam direction. Whenever the optical indicatrix rotation is present, all the
indicatrix parameters obtained with standard polarimetric methods become integral and so, in
general, it is impossible to derive the data about the stressed state at a given point inside a sample.

As a result, it is only possible to apply numerical calculations that rely upon the geometrical
symmetry of the sample, the initial approximation about the stress field, and the integrated
polarimetric data. This means that the principal problems of photoelastic methods for the stress
tensor field reconstruction are a necessity of additional information about the stressed state and
impracticability of obtaining data on the local state of optical impermeability tensor parameters,
whenever the principle axis of the optical indicatrix rotates around the direction of light
propagation.

Recently we have shown that the 2D stress states can be successfully reconstructed using the
polarimetric techniques [8], whereas the 3D states can be reconstructed only if some information
about the boundary conditions or the stressed state is available in advance [9]. Thus, the stress
fields can be surely reconstructed if one finds the regions in the stressed samples where a 2D stress
state exists or, at least, for which a 3D problem can be reduced to a 2D one.

We remind in this respect that 2D distributions of external fields usually induce optical
singularities, which appear when the incident nearly plane-wave optical beams propagate through
crystalline samples (see [10—15]). The optical vortices can be induced by the mechanical stresses
appearing under torsion [11, 12] or bending [13, 15] of crystalline samples, or under compression
of disks made of optical material along their diameters [14]. Notice that all of the stressed states
mentioned above correspond to 2D stress distributions. Moreover, distributions of the stress tensor
components which are needed for creating the vortices are known in advance for these stressed
states. Then the first question that arises while solving the problem is as follows: do the
polarisation singularities appear when the residual mechanical stresses are present in initially
isotropic glass samples? The results of this work reveal the polarisation singularities in as-grown
Li,B407 and LiB;0s glasses.

2. Experimental procedure

The platinum crucibles were used when preparing borate glasses. The glasses with the chemical
formulae Li,B40; and LiB;Os were obtained. Their typical average sizes were 0.7x4x5cm’. All

the glasses were optically transparent, colourless, and of high enough optical quality. However,
some spatial inhomogeneity of the refractive index was detected under visual examination of their
optical transparency. In particular, this was peculiar for the LiB;Os samples. These residual
stresses were removed due to annealing of the samples at 680 K. A more detailed description of
the method used when preparing these glasses and of their main optical properties has been given
in our recent work [16]. In our experimental studies we used a polarimetric setup described in
detail in our work [11]. We utilised a wide, parallel circularly polarised incident beam while
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measuring the induced phase difference and placed the sample between crossed linear polarisers
while measuring the optical indicatrix rotation angle.

3. Results and discussion

The appearance of our Li,B,0O glass sample placed between crossed polarisers is shown in Fig. 1.
It is seen that annealing leads to lowering of the optical transmittance contrast observed for differ-
ent regions of the sample. Obviously, this is caused by partial elimination of the residual stresses.

P —

Fig. 1. Appearance of Li,B,O; glass sample placed between crossed polarisers as seen before
(a) and after (b) annealing.
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Fig. 2. The maps of phase difference Al (a, c) and optical indicatrix rotation angle A¢ (b, d) obtained before
(a, b) and after annealing (c, d) of Li,B,O; glass sample (A = 632.8 nm ).
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Fig. 2a, b show that both the phase difference and the optical indicatrix rotation for the as-
grown sample of Li,B40; glass reveal clearly expressed inhomogeneous distributions in the XY
cross section, which are associated with specific spatial distributions of the residual stresses.
Besides, one can see a singular point in the upper part of the map of optical indicatrix orientation
(Fig. 2b). The coordinates of this singular point are the same as those of the zero phase difference
point (see Fig.2a). The anticlockwise direction of the optical indicatrix rotation around this
polarisation singularity point should lead to appearance of an optical vortex with the topological
charge equal to —1. After annealing procedure, the two additional singularities appear in the
bottom part of cross section of the sample (see Fig. 2b, ¢). These singularities are characterised by
the opposite directions of optical indicatrix rotation, since the corresponding vortices should reveal
the topological charges +1 and —1. Quite probably, further annealing could have led to annihilation
of these singularities, due to topological reaction and homogenisation of the phase difference and
optical indicatrix orientation fields, which follow

complete vanishing of the residual stresses.

=

Fig. 3. Appearance of LiB3Os glass sample placed between crossed polarisers as seen before (a) and after (b)
annealing.

Phase difference AT, deg Indicatrix orientation ¢, deg

[ IS

Y coordinate, mm
Y coordinate, mm

Y coordinate, mm

€
£
g
]
£
2
S
<]
3
>

4 6 4 5 6
X coordinate, mm (C) X coordinate, mm

Fig. 4. The maps of phase difference AI" (a, c) and optical indicatrix rotation angle A¢ (b, d) obtained before
(a, b) and after annealing (c, d) of LiB30s glass sample (A1 = 632.8 nm ).

The similar situation is observed for our LiB;Os glass sample (see Fig. 3 and Fig. 4). Two
polarisation singularities are observed for the as-grown sample (Fig.4a, b), which are
characterised by the same topological charges (—1) and a zero phase difference in the vortex cores.
These polarisation singularities do not represent circles, being elongated along the Y direction.
This implies that the corresponding vortices should be elliptical, while the singularities of the
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phase front should conform to a mixed screw-edge dislocation. Unlike the case of the Li,B4O,
glasses, annealing of the LiB;Os sample has led to vanishing of the singularities. Indeed, that the
retardation for the annealed sample is roughly equal to zero. Its residual value (~ 6 deg) is quite
small and almost homogeneously distributed over the XY cross section. The same is true for the
optical indicatrix orientation peculiar for the annealed sample. Thus, the annealing has resulted in
elimination of the residual stresses, being accompanied with disappearance of the polarisation
singularities.

4. Conclusions

In the present work we have shown that the residual mechanical stresses existing in initially
isotropic glass media yield in appearance of polarisation singularities of the optical wave front.
The region in the vicinity of these singularities is, most probably, region of a 2D stressed state.
The singularities are characterised by the strength of topological defects equal to +1/2 and so
they should lead to the appearance of optical vortices with the topological charge +1. The
annealing of the samples brings about annihilation of the polarisation singularities,
homogenisation of spatial distribution of the phase retardation and practical zeroing of the
retardation, thus suggesting vanishing of the residual stresses.

Let us also make a final notice. Since the torsion stresses cannot induce polarisation
singularities in non-crystalline isotropic media, it is probable that the singularities revealed by us
in the glasses are induced by some stresses, which are peculiar for the bending stressed states.
Then one can assume that a 2D distribution of the stress tensor components known for the region
where the optical polarisation singularities appear can be used as the initial approximation in
reconstructing 3D stress tensor fields in the whole sample.
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Anomauin. VY pobomi noxazano, wo 3a1uMKO8I HANPYHCEHHsl, SIKi ICHYIOMb 6 [30MPONHUX CKISTHUX
cepeoosuwax npueodsms 00 GUHUKHEHHS. NOJAPUSAYIUHUX — CUHSYISIPHOCMEN  ONMUYHO20
X6unbo602o ¢poumy. Lli cuneynsiprocmi Xapakmepuzylomucs MonoioiuHuMu odeexmamu 3
cunor, pienoto *£1/2 i nosunni npusooumu 00 SUHUKHEHHsT ONMUYHUX 6UXOPI6 3 MONOAOSIYHUM
sapsioom *1. Temnepamypuuil eionan 3paskié npugooums 00 aHieiayil NoIsPUBAYIUHUX
CUHYIAPHOCMEN, 20MO2eHI3ayil po3nodiny pisuyi ¢asz i ii 3anyieHHs, wWo Cei0Yums npo
SHUKHEHHS 3aNUUKO8UX Hanpyicenb. 062080pI0EMbCS POlb CUHSYAPHOCHEN ONMUYHO20 RO NPU
supiuienni npobremu pekoncmpykyii 3D menzopHo2o nois HanpyiceHs.
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