Detection of vortex sign for scalar specklefields
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Abstract

A technique is described for determining vortex sign in the scalar optical fields
(including statistical ones) under conditions when it is impossible to use a regu-
lar reference beam. The elaborated approach is based on the shift-interferometry
technique. The optimal conditions for identifying the vortices are formulated.
The results of computer simulations and the corresponding experimental confir-
mation of our theoretical findings are presented.
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1. Introduction

Restoration of phase distribution of optical fields from the analysis of their intensity dis-
tribution represents a long-standing optical problem called sometimes as Inverse Source
Problem in Optics. Different theoretical and practical aspects of this problem have been
considered rather comprehensively (see, e.g., [1]). However, new approaches for solving
this prablem have been suggested recently on the basis of understanding of special role of
amplitude zeroes in the scalar fields [2, 3]. As follows from the results [2, 4], the ampli-
tude zeroes are wavefront dislocations (optical vortices), which are combined into some
systems, vortex networks. Elements of these networks are connected to each other. Their
characteristics define behaviour of the field phase at each its point [3]. As a result, the
information about characteristics of the networks and their vortices provides feasibility
for restoring the field parameters with high reliability. At the same time, the latter ap-
proaches for solving the Inverse Source Problem are still not widely applied, being at the
very beginning of development.

One of the aspects of the problem is impossibility of “identification” of the field ze-
roes. The main characteristic of the optical vortex isits topological charge (sign), defining
the direction (clockwise or counter-clockwise) of the phase increasing under bypass of
the vortex centre (see, e.g., [4, 5]). As it is known, complete information on the vortex
characteristics may be obtained only from the analysis of data of interferometric experi-
ments [6-9]. At the same time, as a rule, formation of regular reference beams is impos-
sible due to lack of knowledge of pre-history of the field under analysis.
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Thus, elaboration of techniques allowing to obtain information on the vortices signs
for the fields with certain intensity distributions seems to be urgent. Note that in the most
general case the fields are to be considered as statistical ones or, in other words, as
speckle-fields. On the other hand, we should remind a number of facts important in what
follows:

i. Any field after dividing its amplitude enables forming a coherent superposition (see,
e.g., [16]). The corresponding components may be easily shifted with respect to
each other in the transverse direction.

ii. The phaseis practically constant in the speckle centre due to the fact that the phase
saddle is positioned in this region [13].

iii. The mean speckle dimension is comparable to the field intensity correlation length

(see[2, 14)).

iv. The field intensity correlation length and the phase one coincide if the field is ana-
lyzed in its far-field zone. Moreover, their magnitude coincides with the mean spac-

ing between the absolute intensity minima (or the phase vortices) [2, 14].

v. Theintensity networks and the phase ones are linked, at least in the statistical sense.
First of all, positions of the absolute intensity minima coincide with the localizations
of the centres of phase vortices. The intensity saddle points are preferentially posi-
tioned in the areas with relatively large phase gradient [2, 10-12]. This allows us to
define the field correlation length as a value inversely proportiona to the spatia
density of the field intensity minima (i.e., their mean spacing) and to indicate the ar-
eas the where phase saddles are positioned.

In accordance with the said above, if the field is divided by amplitude on trans-
versely shifted components it can be stated that the areas, where vortices of one of the
component are located, coincide with the regions, where the other component has its
phase saddle points (i.e., regions where the phase is practically constant). In this case the
process of interference of the vortices related to the first component with the other
(“shifted”) component may be interpreted as a “classical” interference of vortex field
structure with a reference plane wave. As aresult of this superposition, the corresponding
interference forklets appear in the positions of vortices localized in the both interfering
components. Naturally, the shift must be less than the mean speckle dimension.

It follows from these facts that one of the solutions of the problem under interest
may be application of shift-interferometry techniques (see, e.g., [15]). This paper is thus
devoted to application of the shift-interferometry technique for identifying the signs of
the vortices.

2. Method of the vortices signsidentification

The basis of the method elaborated by usis as follows. Obvioudly, each field may be di-
vided into identical components and one can abtain (see, e.g., [15]) interference of the
field with itself. The angle between the components, the shift between them and the ratio
of their intensities can be easily controlled.
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Let the field U(«,v) be divided into the components Gl(a),u) and Jz(a),u). As

sume that the component U, (w,v) is shifted with respect to the field U,(w,v) by the
space A in the plane «,v in the arbitrary direction. It is natural that the choice of the

component Jz(a),u) to be shifted is quite arbitrary, so that the both components are
equivalent in this sense. Moreover, it follows from our further consideration that only the
relative component shift is of importance.

Let us assume (without any loss of generality) that the directions of predominant
propagation of these fields are different and they are described by the following equa
tions:

U,(@,0) =U,(w g expl j(aw+ SO

1
U,(@.0) =U,(w=4,, u=4,)exp[—j(aw+Sv)], @

where U, u U, arethe “exact replicas’ of the field U with the corresponding amplitude
coefficients determining the mean intensity ratio of the components, the parameters
a=ksna' and S=ksing' determine the “incline” of the fields U, and U, with re-
spect to z axis that determines the predominant propagation of the resulting field and
N =\ + N impliesthe shift of the field U, with respect to the field U, .

The intensity of this superposition is described by the following relations:

Jwou)=J,+J, +

2{[RR, +1,,]cos[ 2(aw+ po) | +[R1, - LR]sn[2(aw+ p)} . P

where R,I; (i =12) denote respectively the real and imaginary parts of the fields U,
and U, . It is seen from Eq. (2) that the third term in ther. h. s. is zero, whenever A=0.

As a conseguence, the intensity of the resulting field forms an interference pattern con-
taining a set of straight fringes without any discontinuities. Such the pattern is modulated
by the intensity of the field U («,0) .

The shift A (less than |, /2 and more than |, /10+1_, /5) between the fields

cor cor cor

Jl(a), v) and Jz(a), v) leads to the situation when the areas of fields containing the vor-
tices superpose with practically plane waves, corresponding to the areas with the phase
saddle points. Thus, “canonical” interference forklets appear in the positions of vortices
of thefields U; and U, when A isnonzero.
It isworth noticing the following facts:
i. The vortices of opposite signs associated with one of the fields (U, or U,) form the
forklets with different directions.

ii. The directions of the forklets are also different, when the vortices of the same signs
are associated with different components.
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iii. Thedirection of the forklet obtained as a result of interference of the vortex field with
a plane reference wave is determined by two factors [9]: the topological charge of the
vortex and the mutual orientation of the vortex and the reference waves with respect
to the plane of observation.

iv. The normal to the wavefront in the phase saddle points coincides with the predomi-
nant direction of wave propagation. Thus, one can state that the information on the
predominant directions of propagation of the waves U; and U, unambiguously de-
termines the mutual orientation of the “vortex” and “reference” waves (the field part
with a saddle point) with respect to the plane of observation.

It follows from these facts that a control of parameters of the interfering components
U, and U, (their propagation directions, relative shift, etc.) would allow determining
unambiguously the true value of the topological charge of any field vortex.

It is known that maximal visibility of the interference pattern is achieved when the
intensities of the superposing fields are equal. The uniform visibility is impossible when
the superposing fields are statistical and the shift A is nonzero. The visibility in the areas
with vortices (for example, those associated with the field U, ) tends to the maximal one

under the conditions when the intensity J, of one of the fields (the field U, in our case)
is significantly larger than the intensity J, of the other component (the field U,). In
other words, favourable conditions for visualising the vortices associated with the field
U, would appear due to the fact that the low-intensity parts of the field U, superpose
with the parts of the field U, having a similar intensity. At the same time, the interfer-
ence conditions for the areas with vortices associated with the component U, are ex-
tremely unfavourable, even if compare with the other parts of the field U, . Only interfer-

ence forklets corresponding to the non-shifted component must be well observed, when
the intensity J, is significantly larger than J,. On the contrary, when the intensity J,

greatly exceeds J, , the vortices of thefield U, are visualized.

In such a manner one can determine the positions and signs of the vortices of practi-
cally arbitrary fields, provided that the shift A between the components and their intensi-
ties J, and J, arecontrolled.

3. Computer simulations of speckle-field shift-interferometry

In this section we present the results of our computer simulations of visualization of the
vortices with the aid of speckle field shift-interferometry. The main results are illustrated
inFig. 1to Fig. 3.

The intensity and the “phase map” of some field area are presented in Fig. 1. It is
seen that two adjacent vortices with the opposite topological charges are present within
the region under analysis.
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a b

Fig. 1. Spatial distributions of intensity (a) and phase (b) for a fragment of
the speckle field. The phase changes from the 0 (white) to 272 (black). Gray
x-like areas in figure (b) are those where the phase saddles are positioned.
The two adjacent vortices are depicted by squares. A dark square with
a white fringe effect represents a negative vortex and a light square with
a black fringe effect — a positive one.

c d

Fig. 2. Shift-interferograms of the speckle field for different magnitudes of
the shift A for the field U, a— A=0,b- A=01_ ,c- A=02 and
d- A=0.3,, (see also text). The interference forklets corresponding to the
steady field (the field U, ) are indicated by thin white arrows and the direction
of the shift of the field U, is shown by thick white arrow.
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The shift-interfrograms for this field area and the shifts A of different magnitudes
are shown in Fig. 2. The shift magnitudes for the field U, are denoted in Fig. 2b to 2d.

Asfollows from Fig. 2a, the interference fringes are straight and continuous when A=0.
As aresult, the interference forklets corresponding to the vortices are absent. The pairs of
the oppositely directed interference forklets corresponding to the fields U, and U, ap-

pear for nonzero shift (see Fig. 2b to 2d) due to interference of the vortices with smooth
parts of these fields. Interference forklets associated with the shift of the component U,

relatively to those corresponding to the field U, are in proportion to the increase in the

shift A.
The results of the shift-interference for different intensity ratios of the fields U, and

U, areillustrated in Fig. 3. As follows from Fig. 3c and 3d, only interference forklets
corresponding to the field U, are reliably identified in the case when the intensity of the
component U, exceeds 20 to 100 times that of the field U, .

Fig. 3. Shift-interferograms of the speckle field for the shift magnitude A =0.3_,
and different ratios of intensities corresponding to the components U; and U,: (a)
the mean intensity of the field U, is equal to that of the component U, and it ex-
ceeds the intensity of the field U, by 4 (b), (c) 16 and (d) 100 times. Positions of
interference forklets formed by the shifted component (the field U,) are indicated
by white arrows 1 and interference forklets corresponding to the steady compo-
nent (the field U,) are indicated by white arrows 2. The shift direction for the field

U, is the same as in Fig. 2.
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4. Experimental disclosure of the vortices signsusing the shift-interferometry

Experimental apparatus for detection of signs of the vortices in the statistical scalar fields
ispresented in Fig. 4.

5
1 2 CCD
/ A p
LASER 4\? U y 4
R

Fig. 4. Experimental setup: 1 — object; 2 — Fourier-transform objective;
3, 6 — beam-splitters; 4, 5 — mirrors
Non-collimated beam from He-Ne laser illuminates a scattering object 1 (a ground
glass screen limited by square hole). The magnitude of the phase variance of the bound-
ary field is chosen in such a manner that the regular component of the scattered field be-
hind the object is absent. The Fourier-transform objective 2 is placed at the focal distance
from the object. Due to the latter, the Fourier-transform of the boundary (far) field is ob-
served at the back focal plane of this objective. Mach-Zehnder interferometer 36 is
placed just behind the objective 2. One of its mirrors, 4, and an output beam-splitter 6 are
mounted on the precision mechanical devices providing fine contral of the shift and con-
vergence angle of the field components. Resulting interference patterns and component
intensities are fixed by a CCD camera.
The results of the shift-interference are displayed in Fig. 5. Here Fig. 5a corresponds
to the zero shift between the field components, while Fig. 5b illustrates the interference
for the case when the shift between the fields U, and U, amounts approximately half the

correlation length (i.e., half the mean dimension of the speckle). The intensity of the
steady component exceeds ~10 times the intensity of the shifted one. As follows from
Fig. 5b, the vortices of the steady component are easily identified, when compare with
those of the shifted one.

It is evident that determination of the vortex characteristics from interference pat-
ternsis not so simple problem and, moreover, it always has somewhat subjective charac-
ter. Nonetheless, we would argue that the signs of practically al, without any exception,
vortices of the fields under analysis may be identified with high reliability owing to
proper modifications of the ratio of the components' intensities and the shift magnitude
between them, even if it isimpossible to use aregular reference beam.

Finally, it has to be noted that the technique proposed by us may be also used for
some polychromatic fields with “white” vortices. A detailed consideration of the relevant
case represents a subject of independent study.
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Fig. 5. Results of experimental detection of the vortices' signs using the
shift-interferometry: (a) interference pattern of the resulting field for the zero
shift between the components and intensity distributions of the steady (c, d)
and shifted (e, f) field components, respectively; (b) interference pattern of
the resulting field for the shift equal to about half the correlation length. Dis-
tances Ax, Ay illustrate magnitudes of the shifts in the corresponding direc-

tions of the coordinate plane. Thin white arrows and numbers in figure (b)
indicate the positions of the vortices (interference forklets) corresponding to
different field components (1 - the vortex of the steady component,
2 — that of the shifted one). Squares in figures (d), (f) give the positions of
the vortices: (d) the vortex of the steady component, (f) that of the shifted

one. The shift direction for the field U, is denoted in figure (f) by thick white

arrow. Straight black and white lines are used as a “coordinate map” for
convenient visual perception of the field shifts.

Conclusions

Summarising the results obtained in the present study, one can draw the following con-
clusions:

1. The shift-interferometric technique can be used for determining the vortex characteris-
tics of arbitrary fields, including statistical ones.

2. The optimal conditions for the corresponding interferograms are as follows:

(i) the shift between the field components is about 0.3-0.5 of the field correlation length;
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(it) the intensity ratio of the components must be chosen so that the intensity of the steady
component exceeds 20-50 times that of the shifted component.
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