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Detection of the vortices signsin the scalar fields
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The technique for determining the vortex sign in the scalatsfighcluding the statistical ones) un-
der conditions when the use of the regular reference beam is iblpasslescribed. The elaborated
approach is based on the shift-interferometry technique. The @msddf the optimal vortices iden-
tification are formulated. The results of the computer simulatiwh experimental confirmation are
presented.
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1. Introduction

Restoration of the field phase distribution from the analysis oftegsity distribution
(the so-called inverse source problems in optics) is an old optwiallepn. The theo-
retical and practical aspects of this problem hasen comprehensively reasearched
(see, for example, [1]). However, new approachessdlving this problem are
formed on the basis of understanding the specialabamplitude zeroes in a scalar
field [2, 3]. As it follows from [2, 4], amplitudeeroes are wavefront dislocations
(optical vortices) which are combined into some systems — voeieorks. Elements
of these networks are connected to each other. Their characsedistine the behav-
ior of a field phase in each point [3]. As a result, the informatimutcharacteristics
of the networks and their vortices provides the feasibilitiesdstoring the field pa-
rameters with high reliability. At the same time, such approatheslving the in-
verse source problems, being now at the initial stage of developmemiptawidely
applied.

One of the aspects of the problem is the impossibility of the freldes
“identification”. The main characteristic of an optical vortextéstopological charge
(sign), which defines the direction (clockwise or counter-clockwadhe phase in-
creasing under the bypass of the vortex centre (see, for example). [As5} is
known, the complete information on the vortex characteristics may baethtanly
from the analysis of the data of the interferometric experirfter]. At the same
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time, as a rule, formation of the regular reference beampgedsgible due to the lack
of knowledge of the pre-history of the analyzed field.

Thus, the elaboration of the technique, which allows us to obtain the atform
on the vortices signs at the field with some intensity distributiongiessary. Note,
that in general case this field is a statistical one or irr etbeds — a speckle-field. On
the other hand, we can state the following facts:

(i) Any field under its amplitude dividing enables us to form the cohetgrerpo-
sition (see, for example, [16]). Such components may be easily slhifted:tanother
in the transversal direction.

(ii) Phase is practically constant in the speckle centre due fadhthat the phase
saddle is positioned in this region [13].

(iii) The mean speckle dimension is comparable with the field ityecsrrelation
length [2, 14].

(iv) Field intensity and phase correlation lengths coincide if the ifieanalyzed in
far field. Moreover, their magnitude coincides with the mean spaeabe absolute
intensity minima (or phase vortices) [2, 14].

(v) Intensity networks and phase ones (at leasktatistical sense) are con-
nected. First of all, positions of absolute intéypsninima coincide with the locali-
zation of the centers of phase vortices. The intgrsaddle points are preferen-
tially positioned in the areas with relatively larghase gradient [2, 10-12]. This
allows us:

* to define the field correlation length as the magnitude which isvamde ratio to
the spatial density of the field intensity minima (mean space between them);

* to indicate the areas where phase saddles are positioned.

In accordance with the said above, if the fieldligded by amplitude on trans-
versely shifted components it can be stated tleattkas, where vortices of one of the
component are located, coincide with the regiortsgere the other component has its
phase saddle points (i.e., regions where the phasactically constant). In this case the
process of interference of the vortices relatedht first component with the other
(“shifted”) component may be interpreted as a ‘&itzs” interference of vortex field
structure with a reference plane wave. As a resuhis superposition, the correspond-
ing interference forklets appear in the positiohsartices localized in the both inter-
fering components. Naturally, the shift must be lsn mean speckle dimension.

It follows from these facts that one of the solagi@f the problem of interest may be
the employment of the shift-interferometry techmigisee, for example, [15]).

This paper is devoted to the results of the shift-interferomettizadeof the vor-
tices signs identification.

2. Method of the vortices signsidentification

The base of the elaborated method is as follows. Obviously, eacmfiglthe divided
into the identical components and one can obtain (see, for example,Hé&5ifjter-
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ference of the field with itself. The angle between componentsshitie between
them, and their intensity ratio can be easily controlled.

Let the fieldU («, ) be divided into the componerltﬁ(a), v) and Jz(a), U). As-
sume that the componeﬁtz(a), v i9 shifted relatively to the fieldﬁl(a), v bydin

the planec, v in arbitrary direction. Naturally, the choice of ttremponenﬁz(a), V)

to be shifted is quite arbitrary, so both compogeate equivalent in this sense.
Moreover, as it will follow from further considerans, only a relative component
shift is important.

Let us assume (without loss of generality) thatdhections of the predominant
propagation of these fields are different and thay are described by the following
equations:

Uy (@, 0) =U, (@, v) explj(aew+ Bu)] W
U,(@,0) =U (- 4,,0 - 4,) expl-j (aw+ fu)]

whereU; andU, are the “exact replicas” of the field with corresponding amplitude
coefficients determining the mean intensity ratfotlte componentsg = ksinag’,
L =ksing' determine the “incline” of the fieldd; andU; relative to thez-axis, de-

termining the predominant propagation of the résglfield, 4° =/ 42 + 4> is a shift

of the fieldU, relative to the fieldJ;.
The following relations describe the intensity o€ls superposition:

J(@ 0)= 3, + 3, +2{[ RR, + 1,1 ,] cosp(aw+ )]
+[Rl, - LR Isin[2(aw+ Au)]} )

whereR, I; (i = 1, 2) — the real and imaginary parts of thedB&l); andU..

As it follows from eq. (2), the third term is zemhend = 0. Correspondingly, the
intensity of the resulting field is the interferenpattern containing the set of straight
fringes without any discontinuities. Such pattesnriodulated by the intensity of the
field U(w, v).

The shift A4 (less thanl.,/2 and more thar.,/10+l.,/5) between the fields
Gl(w, v) and Jz(a), v ) leads to the situation, when the areas of thddiebntaining

the vortices superpose with practically plane waeesresponding to the areas with
the phase saddle points. Thus, “classical” interfee forklets appear in the positions
of vortices of the field&); andU, when4 is nonzero.

Note:

(i) Vortices of different signs, associated witheaof the fields(J; or U,) form the
forklets with different directions.

(if) The directions of the forklets are also di#fat when vortices of the same signs
are associated with different components.
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(iii) The direction of the forklets obtained as tfesult of the interference of the
vortex field with a plane reference wave is deteediby two factors [9]:

« topological charge of the vortex;

» mutual orientation of the vortex and reference eveslatively to the observation
plane.

(iv) The normal to the wavefront in the phase saghlints coincides with the pre-
dominant direction of wave propagation. Thus, oae state that information on the
predominant directions of propagation of the waesandU, unambiguously deter-
mines the mutual orientation of the “vortex” anafarence” waves (the field part
with a saddle point) relatively to the observatiane.

As it follows from these facts, the control of tharameters of the interfering
componentsU; and U, (their propagation directions, relative shift) aalls us
to determine unambiguously the true value of topwal charge of any field vor-
tex.

As it is known, the maximal visibility of the inference pattern is achieved
when the intensities of the superposing fields eqaal. The uniform visibility is
impossible when superposing fields are statistical the shiftd is nonzero. Visi-
bility in the areas with vortices (for example, @sated with the fieldJ;) tends to
the maximal one, whereas the intengityof one of the fields (in our case the field
U,) is significantly higher than the intensily of the other component (the field}).

In other words, the favorable conditions for viszalg the vortices associated with
the fieldU; appear due to the fact that low intensity partsheffieldU; superpose
with the parts of the fieldJ,, which have similar intensity. At the same timiee t
interference conditions for the areas with vortiagsociated with the componeuy
are extremely unfavorable, even in comparison it other parts of the field,.
Only the interference forklets corresponding to tlom-shifted component must be
well observed when the intensily is significantly higher thad,. And vice versa,
when the intensity, is significantly higher thad,, the vortices of the fieldl, are
visualized.

Thus, one can determine the positions and sigrnthefvortices of practically
arbitrary field under the control of the componestift A and their intensitied;
andJds.

3. Results of the computer simulation of
the speckle field shift-interferometry

In this section, we present the results of the agempsimulation of the vortices visu-
alization by the speckle field shift-interferometry

These results are illustrated in Figs. 1-3.

The intensity and the “phase map” for certain figtda are presented in Fig. 1. As
it is seen, two adjacent vortices with oppositeotogical charges are present within
the analyzed region.
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a b

Fig. 1. Space distributions of the intensity @nd phaseh) of the speckle field fragment. The phase
changes from 0 (white) to72(black). Grayx-like areas in Figureb) are the areas where phase saddles
are positioned. Two adjacent vortices are depicted by squadssk square with a white fringe effect is
a negative vortex, and a light square with a black fringe affecpositive one.

c d

Fig. 2. Shift-interferograms of the speckle fielo different magnitudes of the shift Interference
forklets corresponding to the steady field (fielg) are indicated in Figd by white arrows. The direc-
tion of the shift of the fieldJ, is shown in the same figure by the thick white arrow. Additlgnthe
shift magnitudes of the field, are denoted in Figureb)-d): a—4=0,b -4 =0.1cy, c -4 = 0.4¢,
d-4=0.3c.
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Fig. 3. Shift-interferograms of the speckle fietd magnitudes of the shift = 0.3, and different intensity
ratios, corresponding to the componéddisandU,. Interference forklets corresponding to the stefalygl
(field U,) are indicated in Figura by white arrows. The shift direction of the fidli} is the same as in
Figure 2.a — the mean intensity of the field} is equal to the intensity of the componbatb — it exceeds
the intensity of the fieldJ, 4 times,c — the intensity of the fielt), exceeds the intensity of the fiel
16 timesd — the intensity of the componddt exceeds the intensity of the fidl 100 times.

The shift-interferograms for this field area aneé ghifts4 of different magni-
tudes are presented in Fig. 2. The interferenckidts, corresponding to the non-
shifted field, are indicated in Figd2by white arrows. The direction of the shift of
the field U, is shown in the same figure by a thick white arréwlditionally, shift
maghnitudes of the fieltd, are denoted in Figsb2d. As it follows from Fig. 2, the
interference fringes are straight and continuousemd = 0, and as a result, the
interference forklets corresponding to the vortiaes absent. The pairs of the oppo-
sitely directed interference forklets correspondimghe fieldsU; andU, appear for
non-zero shift (Figs. 2-d) due to the interference of the vortices with sthqmarts
of these fields. The interference forklets assedatvith the component, shift
relatively to the ones corresponding to the figldand they are in proportion to the
increasing shiftd.

The results of the shift-interference for differamtensity ratios of the fields; and
U, are illustrated in Fig. 3. As it follows from Fig&c, d, only the interference forklets
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corresponding the the field; are reliably identified for the case when theristty of
the component; exceeds the intensity of the fidld by 20 to 100 times.

4. Experimental disclosure of the vortices signs on the basis of
the shift-interferometry

The experimental arrangement for detection of trgices signs in the statistical sca-

lar field is presented in Fig. 4.
6 VI
5

1 2 CCD
L i A A 4

aser 1\ U : ¢/ﬁ’
— ¢ —]

Fig. 4. Experimental arrangement: 1 — object; BufiEr-transform objective; 3, 6 — beam-splittdrE — mirrors.

A non-collimated beam from tHée-Ne-laser illuminates the scattering object 1 —
a ground glass screen, limited by a square hole.riagnitude of the phase variance
of the boundary field is chosen in such a mannat tihe regular component of the
scattered field behind the object is absent. Th&iEotransform objective 2 is placed
at the focal length from the object. Due to thlag Fourier-transform of the boundary
field (far field) has been observed in the baclafqgiane of this objective. The Mach-
Zehnder interferometer 3-6 is placed just behimddbjective 2. One of its mirrors,
4, and an output beam-splitter 6 are mounted ociggeanechanical devices providing
fine control of the shift and convergence angléheffield components. The resulting
interference patterns and component intensitiefxed by a CCD-camera.

The results of the shift-interference are preseindelg. 5. Fig. & corresponds to
the zero shift between the field components. HigillGstrates the interference for the
case when a shift between the fieltisandU, is about a half of the correlation length
(a half of a mean dimension of a speckle). Thengitg of the steady component ex-
ceeds the intensity of the shifted one by ~10 times

As it follows from Fig. B, the vortices of the steady component are easdmti-
fied in comparison with the vortices of the shiftate.

Naturally, determining the vortex characteristiosni an interference pattern is
not a simple problem, and it is always subjectiVevertheless, we state that the signs
of all (practically, without any exclusions) vorie of the analyzed field may be iden-
tified with high reliability due to the operativeodifying of the intensity ratio of the
components and the shift magnitude between theen evthe case when the use of
the regular reference beam is impossible.
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Fig. 5. The results of the experimental detection of the wsrtiigns on the basis of the shift-interfero-
metry.a — interference pattern of the resulting field for zerotdietween the components,d ande, f —
intensity distributions of the steady and shifted field componenfsectegely,b — interference pattern of
the resulting field for the shift between components, which is équadout a half of correlation length.
Distancesdx, 4y illustrate the magnitudes of the shifts in the corresponding idinscof the coordinate
plane. White arrows, numbers 1 and 2jnindicate the positions of the vortices (interference forklets)
corresponding to different field components. 1 — vortex of the st@dponent, 2 — vortex of the shifted
component. Squares @ f illustrate the positions of the vortices) < vortex of the steady component,
(f) — vortex of the shifted component. Shift direction of the fldjdis denoted irf by the white thick
arrow. Black and white lines denote the “coordinate map”,akenthe observation and perception of the
fields shifts easier.

5. Conclusions

1. The shift-interferometry technique can be usedditermining the vortex charac-
teristics of an arbitrary field, including statestl ones.
2. The optimal conditions of the interferogram fatimn are the following:

(i) shift between the field components is about0.3 of the field correlation length;

(il) intensity ratio of the components must be emos such a manner that the intensity
of the steady component exceeds the intensityectitited component by 20-50 times.
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