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Abstract.  A natural singular dynamics of elliptically polarised 
speckle-fields induced by the ‘optical damage’ effect in a photore-
fractive crystal of lithium niobate by a passing beam of a 
helium – neon laser is studied by the developed methods of singular 
optics. For the polarisation singularities (C points), a new class of 
chain reactions, namely, singular chain reactions are discovered 
and studied. It is shown that they obey the topological charge and 
sum Poincare index conservation laws. In addition, they exist for 
all the time of crystal irradiation. They consist of a series of inter-
locking chains, where singularity pairs arising in a chain annihilate 
with singularities from neighbouring independently created chains. 
Less often singular ‘loop’ reactions are observed where arising pairs 
of singularities annihilate after reversible transformations in within 
the boundaries of a single speckle. The type of a singular reaction is 
determined by a topology and dynamics of the speckles, in which 
the reactions are developing.

Keywords: optical polarisation singularities, C points, optical 
diabols, Stokes-polarimetry, topological reactions.

1. Introduction

Singular optics is a new quickly developing branch of optics, 
which studies optical singularities – the structures with dis-
crete amplitude and polarisation states of coherent light fields 
[1 – 3]. Genesis and evolution of the singularities is a subject of 
investigations of dynamic singular optics [4]. Methods devel-
oped on this basis made possible real-time studying the gene-
sis of optical singularities and evolution mechanisms in devel-
oping speckle-fields [5 – 7]. As is known, optical speckle-fields 
with random variations in amplitude, phase, and polarisation 
are realised, for example, in laser radiation passing through 
scattering media or turbulent atmosphere. If at a certain point 
of a speckle-field the phase fluctuations reach 2p then the 
field amplitude vanishes in the result of destructive interfer-
ence. Such points become centres of optical vortices with a 
helical wave front [2].

In elliptically polarised fields, to a vortex with the left-
hand (right-hand) polarisation correspond singular C points 

with the right-hand (left-hand) circular polarisation. These 
points form around themselves the three types of morpho-
logical organisation of nearest polarisation ellipses: star (S), 
monstar (M), lemon (L) with three for S, M, and one for L 
line segments, along which the major axes of ellipses are ori-
ented [2]. In this case, the surface of length distribution for 
major (a) and minor (b) axes of polarisation ellipses (optical 
diabols) looks like right (elliptic, E) or oblique (hyperbolic, 
H) cones directed up and down with a common vertex at C 
points and the Poincare indices of +1 and 0, respectively 
[8 – 10]. With the allowance made for the three morphology 
types of C point there are six combinations with the diabol 
topology: E(S), E(M), E(L), H(S), H(M), H(L) [10], which 
will be employed in describing experimental results. It is rea-
sonable to describe the structure of speckles by the distribu-
tion of the minor axes length b(x, y). Their shape is repre-
sented by smooth contour lines except for the h-line contours, 
which cross the diabol vertices (C points) and exhibit a kink 
due to the conical shape of the cross section around the diabol 
vertex [10].

Singular dynamics of developing speckle-fields is of prin-
cipal scientific and practical interest; it is entirely determined 
by an evolution of the structure of the speckles involved. 
Presently the best effect suitable for studying generic pro-
cesses of topologic and morphologic transformations of light-
field singularities is the evolution of a speckle-field of scat-
tered radiation induced in photorefractive crystals by a pass-
ing laser beam (nonlinear effect of optical damage [11]). 
Earlier, it was theoretically shown that nonstationary scalar 
dislocations of a wave front arise in pulsed sound fields with 
a complex wave front that are generated by a pulsed piston 
emitter [12]. They can move in direct and backward directions 
and annihilate in pairs. The calculated reactions were quasi-
one-dimensional unlike to three-dimensional reactions in 
dynamic optical speckle-fields [8].

The present work is mainly aimed at establishing a sce-
nario and spatial-temporal laws of burning, evolution and 
annihilation of the C points in the course of evolution of 
dynamic speckle-fields generating them.

2. Classification of topological reactions

The experimental setup and measuring methods are thor-
oughly described in [8]. A two-stage recording of orthogo-
nally polarised induced noise lattices realised a speckle-field 
with random elliptical polarisation. Each Stokes component 
was recorded for 20 ms. All necessary rotations of analysing 
optical elements were performed with a closed laser beam for 
eliminating field evolution during the readjustment. The 
intensity distribution of speckle-fields was detected by a 
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CCD-camera and processed according to the adopted noise 
filtering algorithms thoroughly described in [13]. The total 
duration of crystal irradiation and, consequently, of speckle-
field development was ~60 min, to the end of the irradiation 
the optical breakdown processes actually saturated. The pre-
scribed time interval between successive frames t = 15 s pro-
vided a detailed tracing of the evolution of the topologic and 
morphologic structure in a chosen fraction of the speckle-
field by means of Stokes polarimetry [14].

A typical example of a speckle-structure of a developing 
elliptic speckle-field is shown in Fig. 1. In agreement with 
theory [10], all hyperbolics reside at a speckle slope and ellip-
tics – on the speckle vertices.

According to the topology of a singular elliptic speckle-
field there are four possible combinations of neighbouring 
pairs of hyperbolics and elliptics. Their measured structures 
are presented in Fig. 2. One can see that all united surfaces 
a(x, y) and b(x, y) for neighbouring singularities are smooth 
even with opposite polarisations of the neighbouring C points 
(Fig. 2d). This result seems natural because the axes of ellipses 
are scalars independent of the field polarisation. According to 
general laws of topology and singular optics, all evolution 
processes of speckle-fields and the generated singularities 
should occur with preserving the sum Poincare index Ip of the 
field and the topologic charge of singularities [11] (Ip = +1 at 
a speckle vertex and Ip = 0 at all points at the speckle slope). 

This is directly confirmed by the observation of burning 
(annihilation) of only hyperbolic H(S) – H(M) pairs in a devel-
oping speckle-field, because this is the only scenario preserv-
ing the sum topologic charge of the system [2] and the sum 
Poincare index Ip = 0 at the pair burning site [10] with mini-
mal arising field phase gradients.

We have discovered and studied singular topologic chain 
reactions. Those include a time-unlimited series of meshing 
segments, which are realised in developing speckle-fields 
(Fig.  3a). The reaction ‘fuel’ is an instantaneous pairwise 

burning of scalar and polarisation optical singularities under 
the compliance of the sum topological field charge [2]. There 
are also coexisting less frequent isolated closed trajectories 
(‘loops’) (Fig. 3b), which minimally participate in the topo-
logical evolution of the speckle-field.

Chain reactions of elliptical speckle-fields exhibit a larger 
topological variety, which is related to existence of the above 
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Figure 1.  Distribution of ellipse minor axes b(x, y) of a speckle-field 
fragment. Light (dark) domains have right-hand (left-hand) polarisa-
tion and are separated by L-lines with a linear polarisation (bold lines) 
[2]. Thin grey lines describe the speckle shape. Markers show positions 
of C points. Elliptic (ellipse) and hyperbolic (triangle) markers corre-
spond to two possible types of optical diabols [10].
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Figure 2.  Distributions of major a (minor b) axes of the polarisation 
ellipses on the top (bottom) surfaces: a pair of hyperbolics H(L) – H(S) 
on the slope of a speckle (a), transformation of the top (bottom) hyper-
bolic H(L) to elliptic E(L) (drift to the speckle base) in shifting the top 
C point to a speckle maximum (b), the surfaces a(x, y) and b(x, y) do not 
touch if there is no singularity (c), the H(L) – E(S) pair at a neighbouring 
field sites with opposite circular polarisation (d).
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Figure 3.  Parameters of chain (a) and loop (b) reactions. Time t is 
counted from the instant of irradiation of a lithium niobate crystal; x, y 
are the coordinates of a singularity on the input screen of a CCD-
camera.
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mentioned six possible combinations of morphological forms 
of C points and the accompanying optical diabols. However, 
their general spatial structure is strictly fixed. The successive 
segments are interlocked by trajectories of H(S)-singularities, 
the input and output trajectories being alternately the upper 
and lower with respect to arising chains (Fig. 3a). There are 
also coexisting trajectories of H(M)-points, which in the pro-
cess of evolution leave H(S)-points and transfer to a more 
stable form [H(L), E(M), or E(L)]. A simpler loop reaction is 
realised within a separate speckle with a single maximum in 
the distribution of the short axis of polarization ellipses b(x, y) 
(Fig. 3b).

3. Loop reactions

In a simplest case, a loop reaction lasts for at most 100 s and 
takes only four frames from the instant of C point pair burn-
ing at t = 1365 s until their annihilation at t > 1425 s (Fig. 4). 
In Fig. 4, one can see an arrangement of hyperbolics 
H(S) – H(M) on the corresponding speckle along with their 
morphological lines at the instants of burning, evolution, and 
annihilation. In agreement with the principle of minimisation 
of necessary speckle shape variations in origin and evolution 
of a singular reaction, the burning of a C point pair always 
occurs on the slope of an initial smooth speckle without sin-
gularities (Fig. 4a) in the form of a hyperbolic H(S) – H(M) 
pair with the actually parallel side morphological lines 
(Fig. 4b). In this case, two morphological lines of H(M) are 
closer to each other due to an asymmetry of real speckles. 
Since the M-form is unstable, it rapidly transfers to a stable 
hyperbolic H(L) (Fig. 4c), which moves to the speckle maxi-
mum. Then it walks down along the speckle slope (Fig. 4d). In 
getting close to the actually stationary hyperbolic H(S), the 
hyperbolic H(L) transfers to a hyperbolic H(M) with three 
morphological lines, similarly to the case of a C point pair 

burning (Fig. 4e). In this case, the mean morphological line is 
likewise asymmetric as it was at the beginning of a loop reac-
tion evolution; the external side lines are actually parallel to 
the corresponding lines of the H(S) hyperbolic. Then the 
H(S) – H(M) pair annihilates (Fig. 4f). A comparison of the 
first (Fig. 4a) and last (Fig. 4f) frames of the series reveals that 
the shape of the initial speckle without singularities remains 
almost unchanged in the course of the loop reaction. Note 
that in the process of the loop reaction, the singularity H(S) 
remains almost immovable. Obviously, closed chain reac-
tions, which develop within a separate speckle, do not partici-
pate in general evolution dynamics of speckle-fields and may 
be classified as ‘topological impurities’.

4. Chain reactions

Separate segments of chain reactions exhibit quite different 
sequences of topological transformations. It was found that 
they strictly obey the following laws: a free motion of hyper-
bolics H(L) over the speckle-fled, a transfer of the hyperbolic 
H(S) from the speckle wherein it was burn to a neighbouring 
speckle containing H(L), with which the former may annihi-
late. The remaining and arising C points continue develop-
ment of the time-unlimited chain reaction.

Below (Figs 5 and 6), two typical examples of such devel-
opment are presented. Similarly to Fig. 4, minimal necessary 
data about the speckle-field are given: the speckle contours, 
topology and morphology of C point, and contours of the 
h-lines crossing them.

Main stages of the evolution of a separate segment of a 
chain reaction are shown in Fig. 5. Time is counted from the 
start of the chain measurements. At t = 15 s (Fig. 5a), the 
initial structure of the fragment under investigation is pre-
sented for a developing speckle-field, which comprises a com-
plicated speckle with three local maxima and the correspond-
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Figure 4.  Loop chain reaction in the limits of a single speckle: the initial speckle (t = 1350 s) (a), creation of a H(S) – H(M) pair (t = 1365 s) (b), 
transfer of H(M) to H(L) with distance from H(S) (t = 1380 s) (c), ascent of H(L) to a vertex of the speckle (t = 1395 s) (d), descent of H(L) with a 
return to H(M) (t = 1425 s) (e), annihilation of H(S) – H(M) (t = 1455 s) (f).
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ing local speckles. In the upper local speckle, there exist the 
only hyperbolic H(L), which has passed from a neighbouring 
segment of the chain reaction in full agreement with the the-

ory [10], which predicts that a hyperbolic H(L) with Ip = 0 
freely moves in a developing speckle-field. At t = 30 s (Fig. 5b), 
in the bottom local speckle a standard hyperbolic H(S) – H(M) 
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Figure 5.  Separate segment of a chain reaction with various shapes of C points (example 1). The field structure is described by contour lines (bold 
h-lines cross the C points).
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Figure 6.  Separate segment of a chain reaction with various shapes of C points (example 2).
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pair arises in the same domain as in the case of the loop reac-
tion (Fig. 4b). A next step of the evolution at t = 45 s (Fig. 5c) 
is also standard with a transformation of H(M) into H(L). At 
the same instant, a singularity H(L) arrives to a slope of the 
upper local speckle. The following evolution of the H(S) – H(L) 
pair is radically distinct from the loop reaction evolution. At 
t = 90 s (Fig. 5d), the hyperbolic H(S) moves to the neighbour-
ing upper speckle, where the hyperbolic H(L) simultaneously 
walks down in the opposite direction. At t = 165 s (Fig. 5e), the 
rest hyperbolic L climbs over the vertex of the bottom local 
speckle transforming into the elliptic E(L). The hyperbolic 
H(L) in the left upper speckle closely approaches H(S) trans-
forming as it should into H(M). Simultaneously, the upper 
single H(L) walks beyond the limits of the measured speckle-
field fragment to other segments of the chain reaction. Finally 
at t = 180 s (Fig. 5f), the hyperbolic H(S) – H(M) pair annihi-
lates, and the single hyperbolic H(L) remains waiting for new 
singular pairs from next segments of the chain reaction. One 
can see that both the mechanisms are involved into the sce-
nario of evolution of a separate segment of the chain reaction.

Another segment of the chain reaction starts at t = 285 s (Fig. 
6a) in the same fragment of the developing speckle-field, where a 
large speckle with three local maxima (speckles) resides. At the 
vertex of the small central local speckle one can see the elliptic 
E(L) remained from the previous segment. At t = 300 s (Fig. 6b), 
a standard hyperbolic H(S) – H(M) pair is burnt at the slope of 
the upper local speckle. At t = 330 s (Fig. 6c), the lower hyper-
bolic H(M) walks up the slope of the upper right speckle 
transforming into a hyperbolic H(L). In the process, the bot-
tom speckle moves up with the elliptic E(L) at its vertex. At t 
= 375 s (Fig. 6d), the left local speckle vanishes, the elliptic 
E(L) and hyperbolic H(S) become closer. Simultaneously the 
upper hyperbolic H(L) walks beyond the right limit of the 
fragment towards other segments of the chain reaction. The 
key topological transformation occurs at t = 390 s (Fig. 6e) 
when the bottom speckle vanishes and the elliptic E(L) trans-
forms into a hyperbolic H(M). As a result, the hyperbolics 
H(L) and H(S) reside very closely within the common speckle. 
Finally, they freely annihilate at t = 405 s (Fig. 6f) and the 
considered fragment of the developing speckle-field tempo-
rarily looses singularities. One can see that in the latter case 
only free movement of hyperbolics over the speckle-field 
occurs.

5. Conclusions

The measured complete sets of singular point characteristics 
[4] made it possible to determine the corresponding realisa-
tion probabilities (Table 1). One can see that within the limits 
of measurement errors they coincide with the measurement 
data for the stationary speckle-field arising in laser beam scat-
tering on tarnished glass and with the theoretically calculated 
static singular Gaussian fields [15]. This definitely indicates 
the ergodicity of a natural system of developing speckle-fields. 
As is known [16], the expectancy in ergodic systems is equal to 
the average value of a random variable. This is just the situa-
tion realised in dynamic and static elliptical speckle-fields.

Concluding we should stress that the topological reac-
tions discussed differ from known nuclear and chemical chain 
reactions [17, 18]. The latter do not require conservation of 
the total number of particles involved. One more substantial 
difference is a production of ‘fuel’ for maintaining the topo-
logical chain reaction just in the process of its development in 
the result of burning new C point pairs.

Obviously, the loop and chain reactions described may 
occur in developing singular wave fields of arbitrary nature 
with an arbitrary wavelength.
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Table 1.  Statistics of morphological characteristics of dynamic and 
static polarisation optical singularities in elliptical speckle-fields.

	                      Reaction probability
Morpholo-

	 Dynamic	 Static	 Static 
         

gical type of 
	 speckle-fields	 speckle-fields	 speckle-fieldssingularity

	 (experiment) [4]	 (experiment) [15]	 (theory) [15]

E(S)	 0.23 ± 0.015	 0.253 ± 0.005	 0.25 
H(S)	 0.27 ± 0.015	 0.256 ± 0.005	 0.25 
E(L)	 0.24 ± 0.015	 0.2215 ± 0.005	 0.2347 
H(L)	 0.20 ± 0.015	 0.221± 0.005	 0.2125 
E(M)	 0.018 ± 0.015	 0.02± 0.005	 0.0152 
H(M)	 0.039 ± 0.015	 0.03± 0.005	 0.0376


