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Abstract — The Optical Vortex Interferometer (OVI) is
described in earlier paper as usefully tool to gateeregular
lattice of optical vortices (OVs) by interferencé three
plane wave. To practically use OVI in metrology huet to
localization of vortex points (VPs) is necessam. this
paper method with phase shift technique to VPslikation
is presented. Phase shift technique in this meihagplied
to additional fourth wave. Phase shift of the fauwave
doesn’t change intensity in vortex points and inees
intensity gradient in their vicinity. Result of lalisation can
be useful to analyse wave-front deformation causedhe
object inserted in OVI setup.
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1. INTRODUCTION

Optical Vortices (OV’'s) are isolated singularitias the
phase distribution of the optical wave-figl]. They have
some special properties, which have been studidoeimast
decade [2]. The OV's are subject of many sciemtifisks.
One of them is an Optical Vortex Interferometer (Dp3].
The OVI is a kind of a multiple beam interferomet&hich
uses interference of three beams (in other apitsit
which are not described in this paper more beamg bea
used). In the OVI a regular lattice of OV’s is geted by
the interference of the three plane beams. Figesants a
part of interference pattern with the VPs markede T
hexagonal lattice is one of possibilities and aeothttice of
vortices can be generated and also these can hd. yd¢
Applied of the OVI in metrology is depend on pretysof
the VPs localization. In last years same method/Rs
localisation where created but this topic is siplen [5]. In
this paper is mentioned phase shift technique dalipation
VPs. Each optical vortex (OV) contain Vortex Pofkt)
where phase is indefinite [1, 6]. By VP we meandaatral
point of the optical vortex where the phase is fadainate
and intensity is zero. In cross-section to waveppgation,
direction around the VP phase is changing from @ito
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Direction of this changing is depend on sign ofdiogical
charge of the OV [7]. Rotation of phase around Wheis
connected with helical wave-front of wave which @ons
the OV.

Fig. 1. Hexagonal lattice of the OVs generateha®VI. VPs are
marked by '+'.

When the plane wave interferes with the OV forleltkinge

is generated. Example of interference plane wavth wi
lattice of the OVs is presented in the Fig. 2. divection of
the fork the fringe is connected with sign of tapgtal
charge of OV. In some measurements sign of topcébgi
determination is required and to determine it tineation of
forks can be used [8]. A proposition how take adages of
phase shift technique and fork-like fringes to la@dion of
VPs is described in section 2. Next step is usigsplt of
localization to measure chosen physics quantityr Fo
example wave-front distortion caused by parallakglplate.
The principle of the measurement using OVI is failng. If
one of the interfering beams is somehow distortieel the
geometry of the vortex lattice is changed. We caloutate



the change of the lattice geometry and used itatoutate
the parameters of the quantity causing the wawvertiisn.

Fig. 2. The example of fork like fringe patternated by
interference of four waves in the OVI.

Usually the lattice with hundreds of optical voeticis used.
How lattice geometry can be use to calculate radgphase

between two waves is shown in section 3. Difference

Fig. 3. presents the phase distribution in twoagbtvortices
which differs in topological sign. The projectionf wave-
vector of fourth wave (UD) on the screen is markgdlack
arrows on the top of figure. If the sign of topadksj charge
of optical vortex is positive then fork is downwaadd for
the negative sign is the opposite. In Figure 3 dudgcates
the maximum intensity points, and squares indicates
point of intensity minimum. Upward and downward
direction in figure 3. correspond to left and riglitection of
the forks in Figure 2. Was mentioned earlier thartha
vortex point the phase is undetermined and the itudpl is
equal to zero (UA+UB+UC=0). When we add the fourth
wave then at the vortex point the intensity of A¥B+C+D
interferogram is equal to the intensity of the w&. In the
all other points of A+B+C+D interferogram the insiy
depends on the phase of the wave D. Thus, changfireg
phase of the wave D causes the changes in thasityten
all regions of the interferogram except vortex painNe
used this fact for vortex points localization. eTfrocedure
is as following. We detect a series of interferogravith
different phase shift of the wave D. Then we peatcéhis
interferogram according the formula:

AL =[l, =1 +[l =T+ |1 =1 1)

between two results of phase reconstruction may bwherel —change of the intensitl,— intensity in thek-th

interpreted as wave-front distortion caused byetesbject.
2. VORTEX POINTS LOCALISATION

Fig. 1. presents an exemplary interferogram in thse
where three plane waves (A, B, C) interfere. In tek
areas of the interferogram there are the OVs. Ifadéd an
additional reference wave (D), at the vortex poittie
characteristic fork like fringes appear - (Fig.. Zp obtain
interference pattern like in fig. 2. the amplituolewave D

interference pattern (from 1 to n}p — number of
interferograms. Phase of wave UD in tkeh step of
acquisition is calculated from equation:

d = +(k-D g, (2)

wheregs— step of the phase change. The result of applying
such a procedure to the numerically generated
interferograms  is presented in Fig. 4. This initgns
distribution is similar to the case of three baaterference

should be equal to the sum of the amplitudes thmeeth (Fig. 1), but the dark areas containing vortiaes “more
another beams (A, B, C). Waves A, B and C shoulMkha visible”. Around the vortex point the gradient ofet

the same value of amplitudes. As was mentionedeeatthe
direction of the fork is connected with phase rotatin
vortex point vicinity.
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Fig. 3. The phase distribution around optical woitethe
interference field with the additional referenceveiaTwo cases
depend on the sign of topological charge of vopext: a ) —
positive, phase circulates clockwise, b) — negativases
circulates counter-clockwise.

intensity changes is bigger, what allows for better

localization of the vortex point.

Fig. 4. Intensity distribution after applying theuation (1).
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Fig. 5 presents the gradient of the intensity cleang two  only one lattice of OVs analyze is enough and ingdgthase
cases: A+B+C interferogram (Fig. 5a) and afterlyipp between deformed wave and each plane wave is delate
the Equation (1) (Fig. 5b). wave-front of deformed wave. In real case diffeeenc
between results of two reconstructions should beutze.
Of course the vortex points localization before aftér the
object (e.g. parallel glass plate) insertion in thgtical

250 arrangement is required.
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As was shown phase shifting of additional plane eavav =~ *"°7

doesn’t change intensity in the VPs thus is possitol [ R - e
obtain intensity pattern with bigger gradient oé tvalue in g e e
neighbourhood of the VP them gradient in intenpiytern yIpix] e e

from three waves interference. The characterigtiture of m = X[pix]

0 o

pattern calculated from more many patterns is bélpf
localization the VPs more precisely. Presented atethias
tested in simulation for several value of OV latmonstant.

By lattice constant is mean distance between th@esé T1¢ calculate shape of wave-front from VPs coordinatfter
VPs with the same sign. The best precision of Isaibn is  |gcalization and sign of topological charge deteration
obtained when the value of lattice constant is @iggen 30  ovs must be split of into two groups according be t
pixels. If the condition is true the localizatioarcbe better  onojogical charge. And next the groups should heyaed
then half a pixel. The choose of lattice constdmiuil be  separately because of the phase difference bettheeviPs
dictated by reaching eompromise between high density of of yortices with positive and negative signs. & gmplitude
VPs and accuracy of phase determination in eaclexor of each wave is constant in the analyzed area then
point. The width range of optical vortex densitypisssible  (g|ative phases between two waves in VP’s from gnogip
to use. Therefore is not required precision adjgstmof  gre the same (inrange). Then we obtain two values of the
optical setup. This is not required also becausentimber  q|ative phase between the two chosen waves (fample
of fringes between nearest VPs is not very importahis A and B), ¢+ ande- adequately to the sign of the
parameter from 2 to 5 don’t have influence on laeaion  topological charge. In the case then the amplitntleach
accuracy. The fringe width should be enough tosteging  \ave is the same, the two values equal 48 2and 4/3.

intensity changing when phase was changed. If igllem  cgordinates of the VP’s from two groups are presgrin
phase shift step then fringe width should be bigger the Figure 7.

Fig. 6. Wave-front deformation used in simulations.

3. WAVE-FRONT RECONSTRUCTION

1050 |

For analyses was prepared wave-front deformatianefof B T v DU NS §
waves shown in Fig. 3. The shape is described watian S R P DU S
(3) where phase is defined as: e e
900 | @,i (,,1,,6,,;,&,5 gy &= 743"”"}’1*0*""6— S
: X : = . .
¢= 0,05E'k|n[4 m&]+ 0,05E'k|n[4 DTBXJ 3) o ol e R S —
X Y =
L s S O S NS R B i S DL S Y
where:p — phase, [X,Y] — CCD size, [x,y] coordinate S | —

700}

All results of simulations in this article is redgt to this —

deformation. In simulation was generate OV lattigith R e 1 DDA N W A
about 900 OVs in 56 square millimetres area (CCEh wi = — == %k
1344x1024 pixels). Deformation of wave-fronts ateirfiere X[pix]

waves change structure of the VPs lattice and can b
analysed. To simplify analyses is assumed that omky
wave is disturbed and rest of waves are planethitncase

Fig. 7. VP’s coordinates and lines which are useahalyze
relative phase between waves A and B.
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E2[1] =
A a[ pix]

[E1] pix] » (4)

Vortex points from one group are marked by ‘X’ (jpios
sign) and from the second group are marked by ‘o’
(negative sign). In the figure 4 each line contathe
coordinates of the VP’s where the relative phasswéden
two waves are the same. All neighboring lines ef shme
type (e.g. dashed) contain VP's where relative phias
changed by 2 Fig. 7. shows lines which are used to
analyze relative phase between waves A and B. Bedhe
wave-front of wave B is not plane then the is ragight. In 002
the same part of analyzed area is possible to dralogous
lines for phase between waves A and C and there ar
straight. If the lines from figure 7 are numeratidm
bottom to top the relative phase decrease for ewexy the 001
same type line byi2 Then can be assumed that at the first oo
line phase is zero and result of recalculated plmageo 200
groups is shown in Figure 8. Coordinates of VPschenge *000\\
along the vertical axis. Additionally VPs from tvgmoups o N NG

. 600\ \y T
are shifted each other. y [pix] mx\ : S RN e

- o o
£ \\ < 600
N\
) 200
o

where E2 — reconstruction error, E1 — localizagoror, a —
lattice constant.
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Fig. 9. Result of phase reconstruction.

The simulation described in this paper refer tdidat

%i " constant about 50pix. and localization error 0,1ghan
0 reconstruction error should be 2¥1@. In simulation phase
reconstruction error turned out to be bigger besadserror
5. caused by numerical algorithm. If be used localrat
method described in section 2 and VPs localizagamr
2L below 0,5pix. then phase reconstruction error shdug
o below 1,5*107 1.
X [pIX] 500\;'\\ ] ;\)/.)\0
S—— \*’_/\80_0/— e 400 200
1200 1000 y [pIX]
Fig. 8. Relative phase between waves A and B irexgroints. 001
As is easy to see in Figure 8. points create ratgbkurface. 0.005
If we approximate the surface by the plane and the
differences between the plane and the points fleennbn- 5 °
plane surface are calculated then the shape afdle-front
is obtained. Applied the method presented by astisoway 000
to obtain reconstruction result shown in Figure IA.
analogical way from the same data is possible t@iob 200
relative phase between waves A and C or B and Ghign 10 , -
simulation there are not curious because phaseeketv y [pix] R ‘/('Mgofq,;ﬁ;}o 1400
and C is plane, and phase between B and C lools like 20 gy w0
shown in Figure 9. ’ x [pix]

In analyzed interferograms only the OVs with tomgital
charge “+1” and “-1” can be found then vortices bansplit
of into two groups right or not. More important li®w
localization error influence to phase deformation

reconstruction error. Theoretically we obtain restouction same points presented method have same limitatisn®t

error 3*1.03>‘ as .is shown in Fig. 10. bqt in real measure itpossible to get angle of beam deviation causedebted
seems impossible. The reconstruction error is "neaobject Only shape of phase is possible to obtathout
depended on vortex points localization error anticka :

. O . ) orientation relative to wave-vector.
constant. This relation is described by Equatign (4

Fig. 10. Theoretically obtained reconstruction erro

Due to calculation difference between surface ecbdiy
VPs. (Figure 8.) and approximated plane surfacenfthe
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4. CONCLUSIONS

Presented method with the use of the phase shtinigue

to localization of vortex points is simply to apgdi It can
be used in different optical vortex interferometarsl with
width range of optical vortex density. Interferergatterns
required for this method is also enough to deteensign of
topological charge of optical vortices then mayutiéized

for many application. Vortex points localizationpics is
still open and method proposed in this paper may be
competitive other exist. Phase reconstruction ntetho
described in section 3 is promising for future. Heer the
accuracy is not confirm by experimental result inutheory

it have potential. Applied two mentioned methodsyrba
useful to test optical equipment in laboratory.
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