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M3BecTHO, YTO AJ1S aHa/In3a TOMOI0rM4eCcKoro
3apsAa BUXPEBOro Nyyka UCnosb3yeTcs
acTurmaTtuyeckoe npeobpasoBaHue. B paHHOM
paboTe ans ocywWwecTBNEHUS aCTUrMaTUYECKUX
npeo6pa3oBaHUIl BUXpEeBbIX My4YKOB UCMOJIb3yeTcs
MHOIOKaHaJIbHbI GUNbLTP, COrNACOBAHHbIN

C pa3nyHbIMK abeppauusmMm, oNUCbiBaeMbiMU
nonvHomamu LlepHuke. Takon ¢puabTp

Nno3BoJIIeT BHECTU B aHA/IN3UPYEMbI BUXPEBOM
Ny4yoK cpasy HecKo/1bKo BOJIHOBbIX abeppavuui
pas/IMYHOro TUMa N YPOBHS ANS OCYLL,EeCTBAEHUS
pa3nyHbIX abeppaunoHHbIX Npeo6pa3oBaHUN,
BKJ/IlOHAsA acTUrmMaTusm. Mpu 3ToM B poKasibHOM
NJI0CKOCTU B Pa3/INYHbIX ANPPAKLMOHHbIX
nopsakax ¢opmmupyeTtcs Habop abeppaLOHHO-
npeo6pa3oBaHHbIX pacnpegeneHumn
aHanu3npyemMoro BUXpEBOro Mnyyka, 4to obneryaer
ornpepenieHne ero Tornoa0rMYeckoro sapsaa.

Knto4yeBble c/ioBa: BUXPEBbIE MyYKU,
TOMO/IOrMYeCcKMii 3apag, BOSIHOBbIE abeppaunu,
Mofbl Jlareppa-raycca, mogbl OpMmuTa-raycca

CTaTbs nonyyeHa: 26.07.2022
Cratbs npuHATa:15.08.2022

BBEAEHUE

BuxpeBsle nyukH [1-2] ob1agaoT opoOUTaIBHEIM YIJIO-
BBIM MOMEHTOM [3-4], KOTOPBIH OIpefenseTcs Mopsa-
KOM OIITHUYeCKOro BHXPs, KOTOPBIM TakKke Has3blBa-
€TCsI TOTIONIOrMYecKUM 3apsimioMm (T3). OTIHYHTeTbHOM
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It is well-known that the astigmatic
transformation is used to analyze the
topological vortex charge. In this paper, a multi-
order filter matched to various aberrations
described by the Zernike polynomials is used

to implement the astigmatic transformations

of vortex beams. Such a filter makes it possible
to simultaneously introduce several wave
aberrations with various types and levels into
the analyzed vortex beam in order to implement
various aberrational transformations, including
astigmatism. In this case, a set of aberration-
transformed distributions of the analyzed vortex
beam is formed in the focal plane in different
diffracting orders that facilitates determination
of its topological charge.
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1. INTRODUCTION
Vortex beams [1-2] have an orbital angular momen-
tum [3-4] determined by the optical vortex order of
the optical vortex that is also called the topological
charge (TC). A distinctive feature of a vortex opti-
cal beam is availability of phase singular points at
which the phase is not determined and the ampli-
tude is equal to zero. Multiplexing of several vortex
beams in one physical carrier makes it possible to
significantly increase the amount of information
transmitted [5-6].

There are various methods for determining the
vortex beam TC based on the matched filtering [7-8],
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0CO6eHHOCTBIO BHXPEBOIO OITHYECKOr0 Iy4YKa SIBIIS-
eTcsl Hanuvre Ga3oBbIX CHHTY/ISPHBIX TOUeK, B KOTO-
prix dasa He ompefeneHa, a aMIUIMTyJa paBHaA
HYyJ0. MyJIbTUIIIEKCHPOBAaHHE HECKOIBbKHUX BHUXpe-
BBIX IIYYKOB B OJHOM GH3HMYeCKOM HOCHTeJe I103BO-
JsieT CYIeCTBEHHO yBeIHYUTh 06beM IlepefaBaeMOM
nHbopManuu [5-6].

V3BeCcTHBI pa3aHuHble CII0cObbl ompeneneHust T3
BHXPEBOIrO IyuKa, OCHOBAaHHBIe Ha COIJIACOBAaHHOM
dunpTpanuu [7-8], NpUMeHeHHUU CIIellHaJbHBIX 3Jle-
MEHTOB, 006eClledYHBAIOLUIUX COPTHPOBKY syda [9-10],
a Takke aCTUTMAaTH4ecKOM IIpeobpasoBaHuu [11-12].
AcTUrMaTHuecKkoe Ipeobpa3oBaHHe MOXKHO pean30-
BaTh IIPU IOMOIIM LIMJIMHAPUYECKOM WK HaKIOH-
HOI JMH3H [11-12], ¢ ucronb30BaHHEM aHHU30TPOIIHEIX
KpUCTII0B [13-14], a Takke npy JUPPAKIIUY HA KPH-
BOJIMHENHOM AUPPaKLIMOHHOMN peleTKe [15-16].

B manHoM paboTe paccMaTpUBAETCS. METO, ITPSIMOTO
BHeCeHMUS BOJIHOBOM abeppalii, B TOM YHC/Ie aCTUI-
MaTH3Ma, B HCC/IeflyeMblil BOTHOBOH QPOHT C UCIIONb-
30BaHHMeM MHOIOKaHaJbHOr0 QHIBTPA, COI/IACOBAaH-
Horo ¢ Habopom ¢yHKuuN LlepHuke [17-19]. Taxoi
GUIBTP I03BOMSIET BHECTH B aHAJIM3HPYeMBIH BUX-
PEeBOM IIy4OK Cpa3y HeCKOJIbKO BOJHOBBIX abeppalLiuil
Pa3IMYHOrO THUIIA W YPOBHSI ISl OCYILECTBIEHMUS
Pa3nUYHBIX abeppallMOHHEIX ITpeobpa3oBaHuI. [Ipu
3TOM B GOKaTBPHOM IJIOCKOCTH B Pa3IMYHBIX AUPPaK-
I[MOHHBIX IIOPsiAKaX opMupyeTcss Habop abeppariu-
OHHO ITpeoOpa30BaHHBIX paclIpe/ie/leHUI aHATU3HPY-
€MOr0 BUXPEBOro ITy4Ka, YTo obJierdaeT orpeneeHHe
€ro TOII0JIOTHYEeCKOro 3apsa.

TEOPETUHECKUE OCHOBDI

Jlns BHeceHHs abeppallyil B MCCIeyeMBbIi ITy9IOK pac-
CMOTPHM MHOTOKaHa/IbHBIM ¢uibTp [17-19], cormaco-
BaHHBII C abeppallMsiMU Pa3/TUYHOrO TUIIA U Beca:

No Ko

(xy)=3, Z{EXP[h«kaN (xy) Jexpi(ayx+ kay)]} , (D

N=1 k=1

rae N, - KOJTH4YeCTBO KaHa/IOB QHIIBTPA, COOTBETCTBY-
IONMX THUIaM abeppamuii; K, - KOTH4YecTBO KaHAJIOB
GuUIbTpPa, COOTBETCTBYIOIHMX BecaM abeppaluii;
K=21/\ - BOJIHOBOe YMC/IO, A [JIMHA BOJIHBI H3JIyde-
HHUSI, o, - BeJIMYMHA BOJTHOBOM abeppauuu; Zy - Kpy-
rOBBIe ITOJTHHOMBI llepHUKe; a,y,b,, — TapaMeTpsl IIpo-
CTPAaHCTBEHHOH HeCyIleH BIOIb OCH X U Y.

Kpyroeeie moauMHOMBI  llepHMKe MpeaCcTaB-
NS0T CcobOM IIOJTHOe MHOXKECTBO OPTOTOHANb-
HbIX QYHKUMI C YIJIOBBIMM TapMOHHKaMH B Kpyre
panmyca r, [20-22]:
cos(me)

ZN(r’(P):an(r’(P):AnRT(r) , )

sin(me)

i g

use of special elements providing the beam sort-
ing [9-10], as well as astigmatic transformation [11-
12]. Astigmatic transformation can be implemented
using a cylindrical or oblique lens [11-12], using the
anisotropic crystals [13-14], and using the diffraction
on a curvilinear diffraction grating [15-16].

In this paper, we consider a method for direct intro-
duction of wave aberration, including astigmatism,
into the wavefront under study using a multi-order
filter matched to the set of Zernike functions [17-19].
Such a filter makes it possible to simultaneously
introduce several wave aberrations with various types
and levels into the analyzed vortex beam in order to
implement various aberrational transformations. In
this case, a set of aberration-transformed distribu-
tions of the analyzed vortex beam is formed in the
focal plane in different diffracting orders that facili-
tates determination of its topological charge.

2. THEORETICAL BACKGROUND

In order to introduce aberrations into the beam under
study, we consider a multi-order filter [17-19] matched
to aberrations with various types and weights:

1(x,y)= % i{exp[h«kaN (xy) Jexp[i(ayx+ b,(Ny)]} Y

N=1 k=1
where N, is the number of filter channels correspond-

ing to the types of aberrations; K, is the number of
filter channels corresponding to the aberration

Tabnuua 1. TpMroHOMeTpuyeckoe NpeacTaBieHme
HeCKONbKMX NepBbiX 6a3nCHBLIX GYHKUMI LiepHuKe

B MONISIPHOM CUCTEME KOOPAMHAT.

Table 1. Trigonometric representation of several first basis
Zernike functions in the polar coordinate system.

lMpencrtasneHue
Bupa abeppaunu B MOJIAPHOM CUCTEME

KOOpAWHAT

1 1 1 [Aductopcus 2rcos(o)

2 2 2 Acturmatusm 6r? cos(2¢)

3 2 0 | [Jedokycmposka | 3(2r*-1)

4 3 3  TpUANCTHUK 24/2r cos(39)

5 3 |1 | Koma 242(3r° - 2r)cos ()

6 4 4  YeTbipexsMCTHUK  /10rcos(4o)

7 4 2 Q_CF-LM;'::;:?: V10(4r* - 3r*)cos(26)

8 4 0 Cdepuyeckas J5(6rt —6r* +1)
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rae Ry (r) - paguanbHble IOTUHOMEL LlepHUKe,
A, - HODMHUPYIOUINK MHOXHUTE/b:

i (= 3)
T

OueBupaHo, PyHKUUU LlepHuKe (n,m)=(2,+2) cBs-
3aHBI C ACTUTMAaTHYeCKUMU abeppanusmu [11-12]:

Zz,z (l’, (P) = Cz,zr2 COS(Z(p) =
=(,,[ 1’ cos’(p)-r’sin’(e) |=c,, (x* - y*),

erz(r,(p) = Cz,fzrz Sin(Z(p) =
=¢, ,[ rcos(e)rsin(e)]=rc, ,xy. 4)

®yukuuu IlepHuke 6ojlee BBICOKMX IIOPSIAKOB
(n,m)=(n, +2) Taxcke 6ymAyT ComepsKaTh aCTUIMaTH4e-
CKoe cnaraemoe. Harmpumep:

Z,,(r,9)=c,,(4r* - 3r*)cos(2¢) =

=c,,[ 4r' cos(2¢) - 31 cos(2¢) | =
=c,,{4r°[1* cos’(9) - r* sin’(¢) ] - 3[r* cos*(¢) - r*sin’*(g) |} =
=c,,(4r*=3)(x* -y?). (5)

Kaxk BHAHO, aCTUIMAaTH3M 2-TO IIOpSiAKa BKIIIO-
YaeT IIpoM3BelleHHMe aCTUIMaTH4YecKOM YacTHU
[ paZiuanbHO-CUMMETPHUUYHON abeppaliuy, COOTBET-
CTBYyIOIIeH JeHOKYCHPOBKE.

Takum 06pa3om, MOKHO TOBOPUTH O BO3MOSKHOCTHU
MCIIONIb30BAHUS aCTUTMaTHYeCKH IIO0J0OHBIX BOJIHO-
BbIX abeppaliil pa3HOro Beca [jIsl aHa/IN3a TOIIONIOTH-
YeCKOIo 3apsifia BUXPeBOro IIy4YKa.

B KayecTBe aHAIU3UPYeMOI0 BUXPEBOI0 IIyYKa pac-
CMaTpHBAIOTCS Mopbl Jlareppa-Taycca [23-25]:

GL} (1,0) = Ko (V2 1/0)" L ((1/0)’ Jexp[ime ], ©)

rge L7 (x)=1/n(2n+m-1-x) L} (x)-(n+m-1) L}, (x) -
nonrMHOM Jlareppa, 3alaHHBIA PeKyPPEHTHON GopMy-
noit, e L (x) =exp(-x*/2), LY (x) = (L+m-x)exp(-x*/2).

YNCNEHHOE MO EJ/INPOBAHUE

Ha ocHoBe 4YMC/I€HHOIO MOJEIHPOBAaHUS [elCTBUS
MHOTOKaHaJIbHOro ¢uabTpa (1), COrJIacCOBAaHHOIO
c dasoBbiMU QYHKUMUSIMU llepHHKe, ITOKa3aHA BO3-
MOKHOCTb BH3yaJH3allMH TOIIOJIOTMYeCKOro 3apsia
npu oMoy abeppauuii tHna (n,2) ¢ pasTHYHBIM
BECOM.
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weights; k=2m/A is a wave number, A is a radiation
wavelength, o, is a wave aberration value; Zy are the
Zernike polynomials; a,,b,, are the spatial carrier
parameters along the X and Y axes.

The Zernike polynomials are the complete set of
orthogonal functions with angular harmonics in a cir-
cle of radius r, [20-22]:

sin(me)

zN<n@>=zmxn@>=fnR$<m{ C°S“”¢)}, )

where R]'(r) are the radial Zernike polynomials, A, is
the normalizing factor:

w2 (1) (n-p)! r)”
Ry(r)= p=0 l(”+m ).(m |[E] ’
p' 2 _p M 2 _p '
A= 1L 3)
T

Obviously, the Zernike functions (n,m)=(2, £2) are
related to the astigmatic aberrations [11-12]:

Z,,(r,0)=c,,r* cos(2¢) =

=(,,[ r*cos’(g)-r’sin*(g) |=c,, (x* - y?),

Z, ,(r,@)=c, ,r*sin(2¢) =
=¢, [ rcos()rsin(e) |=c, ,xy. (4)

The higher order Zernike functions (n, m)=(n, +2) will
also contain an astigmatic summand. For example:

Z,,(r,@)=c,, (4r* -3r*)cos(29) =

=, ,[4r* cos(2¢)-3r* cos(2¢) | =
=y, {41 [ cos’(¢) -1 sin’*(9) ]-3[” cos’(0) - sin’*(9) ]} =
= oo (47 =3)(x*-y?). (5)

As one can see, the 2" order astigmatism
includes the product of astigmatic part and the
radially symmetrical aberration corresponding to
defocusing.

Thus, we can speak about the possible use of
astigmatic-like wave aberrations with different
weights to analyze the topological charge of a vortex
beam. The following Gaussian-Laguerre modes are
considered as the analyzed vortex beam [23-25]:

GL? (r,9)= Knm(x/zr/c)m L ((r/c)z)exp[im(p], 6)
where L} (x) =1/n(2n+m-1-x) L, (x)—(n+m-1) LT, (x)

is the Laguerre polynomial given by the recurrent formula,
where Lj (x) =exp(-x*/2), LT (x) = (1+m-x)exp(-x*/2).
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I[Ipu momnaJaHUM Ha ONTHYECKUH 3/1eMeHT 1(X,)) (1)
HeKoToporo 110 f (X,y) 6ymeT $opMHPOBATBCS pacIpe-
neneHre, KOMIIJIEKCHAsI aMIIIUTY/a KOTOPOTO MOXKET
OBITb pacCUMTaHA BAOJb ONTHYECKOHN OCH B YCIOBHSX
IIPUMEHUMOCTH IpubnimkeHus PpeHens (mapakcu-
anpHOe mpubnukeHue). IIpeobpasoBaHue PpeHess
IIpefcTaBsieT coboil pasjioskeHHe II0 Iapabonuue-
CKUM BOJIHaM:

U(u,v,z)=

+o0 400

=K explike] ] jfxyexp{ L )2+(y—v)2)}dxdy, @)
IIPU YCIIOBUH, UTO /(X —u)’ +(y— V)’ <<z, z-paccTosiHUe,
Ha KOTOPOe PacIIpoCTpaHeH BOJHOBOM (GpoHT. IIpeob-
pasoBaHHe PpeHesns (3r) MoxkeT ObITH peanr30BaHO
yepe3 1mpeobpaszoBaHue @yppe (3) CaemyOIKUM
obpasom:

U(u,v,z)=

= j Jf (x,y exp{ ik (x*+y? ]exp[—Zni(xu+yv)]dxdy:

-siftepece| ey ®

rie npeobpasoBaHue Pypre MMeeT B

+o0 00

v)= [ [f(x,y)exp[-2ni(xu+yv)]dxdy = 3{f(x.y)}. (9)
PaccMoTpuM JerctBue GuapTpa (1) IS BUXPEBOro
my4yka laycca Jlareppa C TOIIOJIOTHMYECKHM 3apsIoM
m=1u m=3. IlogaguM Ha MHOTOKaHAaIbHBIN TUPPaK-
IIUOHHBIN 31eMeHT (1) mone f(x,y)=CL,,(x,y,6=0,15).
B Tabn1. 2 mpeAcTaB/leHbl aMIUIMTYIA U $a3a BXOLHOIO
nons f(x,y) v mericTBHe ouabTpa 1(X,y) (1) B QOKAIBHOM
IIJIOCKOCTH.

W3 Tabn. 2 BUAHO, UTO QUIBTP, COIJIACOBAHHBIN
¢ abeppallMsIMU Pa3IMYHOIO Beca U THIIA Z, ,,, 103BO-
J15ieT yBePeHHO eTeKTUPOBaTh TOIIOIOTMYeCKUH 3apsif
BHIXPEBOr'o Iy4Ka. [10sIB/IeTCs BO3MOXKHOCTb BapbHPO-
BaTb yPOBeHb BHU3yaJIM3aLIHH TOIIOJIOTMUECKOro 3apsiia
(paccTosiHHEe MeXIy 3KCTPeMyMaMHM pacIpefieleHHs
MHTEHCHUBHOCTH B KOHKPETHOM [AHQPAKIIHOHHOM
nopsiake) 61aromapsi U3MeHeHHUIO IIapaMeTpa, OTBeva-
IOIIEro 33 ypOBeHb BOJIHOBOK abeppaliuu o,,.

TakuM 06pa3oM IIpeAOKeHHBIN QUIBTP IIpeBOC-
XOOUT IIPOCTOM MeTOJ, aHalK3a TOIIOJOIHYeCcKOro
3apsfa IpH IOMOIIM KJIACCHYECKHX acTUTMaTHue-
CKUX ITpeobpa3oBaHUI. YBepeHHOE IeTeKTHPOBAaHHE
yAaeTcs JOCTUTHYTh IIPU IIOMOIIK BOTHOBBIX abeppa-
LMK TUMA Z, ,, IPU n<6.

Kpome Toro, B paMKax JAaHHOM paboTsl pacCMaTpHBa-
eTcst fericTBre GubTpa (1) Iyist abepparinii o 4 mopsaKa
(Ky=1, oy=1). PaccMOTpHM, Kak pa3iudHble abeppa-
LMY BJIMSIOT Ha CTPYKTYPY GYHKIIUU PACCesTHHUS TOUKHU

=

3. NUMERICAL SIMULATION

The possible visualization of a topological charge using
the aberrations of (n,2) type with various weights is
shown on the basis of numerical simulation of the
multi-order filter (1) matched to the Zernike phase
functions,

Covering by a certain field f(x,y) of the optical ele-
ment 1(x,y) (1) leads to a distribution, the complex
amplitude of which can be calculated along the optical
axis under the conditions of the applicable Fresnel
approximation (paraxial approximation). The Fresnel
transformation is an expansion in parabolic waves:

U(u,v,2)=

+o0 400

:—Iexp ikz] [ [ f(x.y exp{ ik ((x- )2+(y—v)z)}dxdy, @)
provided that /(x—u)*+(y-v)* <<z, z is the distance
covered by the wavefront. The Fresnel transformation (
3r) can be implemented through the Fourier transfor-
mation (3) as follows:

U(u,v,z)=

= J _[f X,y exp{ ik (x*+y? }exp[—Zni(xu+yv)]dxdy:

-siftupexe| o). ®

where the Fourier transformation has the following
form:

+o0 400

= | [f(xy)exp[-2ni(xu+yv)]dxdy = 3{f(x,y)}. (9)

Let us consider the action of filter (1) for a Gaussian-
Laguerre vortex beam with the topological charge m=1
and m=3. We will apply a field f(x,y)=CL,,(x,y,c =0,15)
to the multichannel diffractive element (1). Table 2
shows the amplitude and phase of the input field f(x,y)
and action of the filter t(x,y) (1) in the focal plane.

It can be seen from Table 2 that the filter matched
to the aberrations of various weights and types Z, ,,
makes it possible to reliably detect the topological
charge of the vortex beam. It becomes possible to vary
the visualization level of the topological charge (dis-
tance between the intensity distribution extremes in
a particular diffraction order) by changing the param-
eter responsible for the wave aberration level a,,.

Thus, the proposed filter outperforms the simple
method of topological charge analysis using the classical
astigmatic transformations. Reliable detection can be
achieved using the wave aberrations of Z, ,, type at n<6.

In addition, this paper describes action of the fil-
ter (1) for aberrations up to the 4™ order (K =1, oy=1).
Let us consider the effect of various aberrations on
the point spread function structure of a vortex beam.

PHOTONICs vOL. 16 N5 2022 419
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Puc. 1. fenctane dpunstpa (1): a) Ky =1, o4 =1, corna-
COBaHHOrO C pa3HbIMW BOJIHOBLIMM a6eppauUnsamMm;

b) cornacosaHHoro c abeppauusamm Tmna (n, 2) pasHoro
VYPOBHS o

Fig. 1. Filter action (1): a) K, =1, oy, =1, matched to various
wave aberrations; b) matched to aberrations of type (1, 2)
with different levels a.
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It is assumed that aberrations other than astigmatic-
like ones will not significantly change the diffraction
spot structure in the resulting filter plane when it is
illuminated by a vortex beam. This means that the
astigmatic-like aberrations will be well detected using
a filter matched to the optical vortices.

Table 3 shows the input field and action of the filter
@ at 1(x,y), Ko=1, =1, Zy(x,y)=Z,,(x,y), matched to
various types of aberrations (location of diffraction
orders with the encoded wave aberrations is shown in
Fig. 1(a)). It can be seen from the intensity distribu-
tion in the focal filter plane that the aberrations other
than astigmatism (Z,, and Z,,) do not significantly
affect any changes in the diffraction spot structure of
the vortex beam (an annular shape is retained). In
turn, the astigmatic wave aberrations transform the
Gaussian-Laguerre modes into the Hermite-Gaussian
modes [26-28], and a vortex beam with a topological
charge q is transformed into the Hermite-Gaussian
modes at (n,m)=(0, q). In other words, the topological
charge of the vortex beam given by the complex distri-
bution phase, is visualized in the intensity of the
resulting filter plane.

Tabnauua 2. lenctene punbtpa (1) py aHanmse TONoAOrMYeCKOro 3apasa BUXPEBOro ny4vka
Table 2. Filter action (1) during analysis of the topological charge of a vortex beam

BxogHoe none
f(x,y)=GLou(x,y,6=0.15)

AmMnanTtyga daza

O
00

[JencTsue GpunbtTpa

T(x y) B(x,y)
Zy(x%y)=Z.a( Zy(xY)=Z, (%)
MNHTEHCMBHOCTb
0,1 025 0,5 0,75 1 0,1 025 0,5 0,75 1
Jj0o 0o e 00 0o 00 0 ¢
o 06 % 9% Jo 00 onwn
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o @ % % ", To o 1 e
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0O00O0¢ 000000
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Ta6auua 3. Jencteme duabTtpa (1) npy aHanm3e TONOMOrMYECKOr0 3apaaa BUXPEBOrO NMyyKa
Table 3. Filter action (1) during analysis of the topological charge of a vortex beam

BxogHoe none

f(x,y)=CLy;(x,y,6 =0.15)

AMManMTyna daza
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Thus, we can speak
about the invariance
of vortex beams to the
aberrations up to the
4th order, except for
astigmatism of various
degrees, with an accu-
racy of the outer annu-
lar shape (contour) of
diffraction spots.

Having considered
the obtained connec-
tions between the
Zernike polynomials
and well-known astig-
matic transformations,
it becomes possible to
expand the range of

[JencTeue punbTpa

1(x,y), Ko=1, oy =1
Zy (X»V) =Zyy (X’y)

MNHTEHCMBHOCTb

o e O

BUXPEBOro ITy4Ka. IIpexronaraercsi, 4to abepparuu,
OT/IMYHbIe OT ACTUTMATH4ecKH IOomobHBIX, He OymyT
BBIPRKEHHO H3MEHSTb CTPYKTYPBl IUPPAKIHOHHBIX
IATeH B pe3y/bTHUPYIOIIel IUIOCKOCTH QHIBTpA IIPU
OCBEIIeHUH er0 BUXPEBBIM IIYYKOM. JTO 3HAYUT, YTO
VMMeHHO aCTUTMaTH4ecKH rofobHble abeppaliuu 6yayT
XOpOIIO 06HAPYKUBATHCS C HCII0Ib30BAHHEM QUIIBTPA,
COIJIACOBAHHOIO C OIITUYECKHUMH BUXPSIMHU.

B Tabn. 3 mpencTaBieHO BXOQHOe IIONe U JeHCTBHE
dumeTpa (1) mpu t(x,y), Ko=1, =1, Zy(x,y)=Z,.(x,y),
COIIACOBAaHHOTO C Pa3sHBIMHU BHAAMU abeppaluu (pac-
I0/I0’KeHHe NUPPAKIMOHHBIX ITOPSIIKOB C 3aKOKPOBaH-
HBIMH BOJIHOBBIMHU abeppaliMsIMHU YKa3aHo Ha pHcC. 1(a)).
M3 pacmpeseneHHs MHTEHCUBHOCTH B GOKaIBHOM IIJIO-
CKOCTH QUIBTpPA BHUIHO, YTO abeppalivH, OTIHYHBIE
OT acTUrMaTusma (Z, YU Z,;), He3HaUHUTe/IbHO BIMSIOT
Ha M3MeHeHHe CTPYKTYPbl JU(GPAKIIMOHHBIX IISITeH BUX-
peBoro Iydka (coxpaHsieTcs KojblieobpasHasi dopma).
B cBOI odepenb, aCTUrMaTHUYeCKHe BOTHOBBIe abeppa-
IUu Ipeobpasylor Mopbl Jlareppa-Taycca B MOZIBI
dpmuta-Taycca [26-28], a BUXpeBOM IIy4OK C TOIIOJIOTH-
YecKMM 3apsiioM q — B MofAbl JpMHTa-Taycca mpu
(n,m)=(0,q). [pyrMMH CI0BaMH, TOIIOJIOTHYECKHUH
3apsil BUXPeBOro IIy4YKa, KOTOPBIK 3afaeTcd Ga3oil KoM-
IIJIEKCHOTO pacIpefie/ieH s, BU3Ya/IU3UPYeTCs B MHTeH-
CUBHOCTH pe3y/IbTHPYIOILEH IIJIOCKOCTH GUIIBTPA.

TakuMm o6pa3oM, MOKHO TFOBOPHUTb 06 HHBApH-
AHTHOCTH BHXPEBBIX IIYYKOB K abeppaulusm Oo 4-ro
MopsifKa, 33 HMCKIOYeHHeM acTUIMaTH3Ma pasinyg-
HOM CTeIeHHU, C TOUHOCTBIO [I0 BHEIIHeH Ko/blieobpas-
HOM GopMBbl (KOHTYPA) IUPPAKIIMOHHBIX MISITEH.

YUUThIBas IIOJyUYeHHbIe CBI3H IIOJIMHOMOB LlepHUKe
M H3BECTHBIX ACTUTMATHYeCKHUN IIpeobpa3oBaHHUM,

tools for topological
charge analysis and
select the most successful ones for various problems.
In general, the astigmatic transformation can be rep-
resented as G(x,y)=(x+y)" u Glx,y)=x*+y*, where t
and d are the astigmatic transformation order, and the
sign affects the rotation angle. The exception is spher-
ical aberration x* +y°.

The astigmatic transformations being the superposi-
tions of radially symmetric Zernike and Z, ,, polynomials,
make it possible to reliably detect the topological charge
of a vortex beam. G(x,y)=[x*y*x*-y*(x—y)*(x+y)’] and
G(x,y)=[xy;x* —y*;x°—y%(x+y);(x+y)°] are among these
transformations. Thus, the astigmatic transformation in
general form (x+y)* and x* +y*‘makes sense for 0<t<2
and 0=d<2.

In order to verify the proposed transformations, let
us analyze a Gaussian-Laguerre vortex beam with
a topological charge q=1 and q=3. For ease of data pre-
sentation, we use the calculated filters 1,(x,y), 1,(x,y),
7,(x,¥), 14(x,y). The filter action modeling results are
given in Tables 4 and 5.

Table 5 shows that the astigmatic transformations
being the superpositions of radially symmetric Zernike
and Z,,, polynomials, make it possible to reliably
detect the topological charge of a vortex beam of both
low and high order. We «can distinguish
G(x,y)=[xy;x%y% %% —=y*(x—y)%(x+y)’] among the trans-
formations, and Zernike polynomials with a radial
index n<6 among the astigmatic aberrations.

CONCLUSION

This paper represents a study of the possible detection
and analysis of the topological charge of a vortex beam
by introducing aberrations of various types and levels
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Ta6nuua 4. [eicteue dpunbtpa (1), rae Zy 3amereHo Ha G(x, y) Npy aHann3e TOMNOMOrMYeCKOro 3apsaa BUXPEBOTo Myyka
Table 4. Filter action (1), where Zy is replaced by G(x, y) during analysis of the topological charge of a vortex beam

BxogHoe nose ‘

Amnantyaa ®daza

f(x,y)=GCLy(x,y,0 =0.15)

AMnanTyaa

®uaLTp ‘ Jenicteue dpunbTpa
daza NHTEHCMBHOCTb
u(x,y)
S4Ti(X,
Gx,y) =[xy x> =y (x=y) s (x+y)’] {rxp)
01 025 0,5 0,75 1
©o 000 ¢
X
© 000 ¢
y
O 0o
XZ_VZ
e 02z
x-y»
0 0 B W\,
(x+yy
T4(X’y) 0,1 0,25 0,5 0,75 1
G(x,y) = [aysx* =y sx® =5 (x+y) 5 (x-+y)°] o 0 0 0o o
Xy
o o o o
x4yt
© 0 o o o
Xﬁ_yﬁ
o © 0 0 O
x+y)*
© 0 o o0 o
(x+y)°

TIOSIB/ISIETCS] BO3MOYKHOCTh PACIIMPUTh CIIEKTP MHCTPY-
MEHTOB JUIsi aHa/IM3a TOIOJIOTHMYECKOro 3apsaa
U BeIOpaTh Haubosee yCIIeIIHBIE IS Pa3HBIX THIIOB
3a7a4. B obmem Bue acTUrMaTHYecKkoe ITpeobpasoBa-
HHEe MOXHO IpeACTaBUTh Kak G(x,y)=(xxy)*
U G(x,y)=x*+y*, rme t u d - MOPSIOK ACTUTMATHYECKOTO
Ipeobpa3oBaHMsi, a 3HAK BIMsSET Ha Yol IIOBOPOTA.
UcknovyeHueM sBiasetcs x*+y° - chepudeckas
abepparus.

ACTUTMaTHYeCKHe IIpeobpa3oBaHus, KOTOpPbIE IIpef-
CTaBJISIIOT COGOM CYIepIIO3ULMU PagHAIBHO CHMMe-
TPUUHBIX IIOIMHOMOB llepHHKe W THIA Z, ,,, I103BO-
JISIOT YBEPEHHO JeTeKTHPOBATh TOIIOJIOTMYECKUH 3apsif,
BUXPEBOro Iy4yka. Cpequ TaKUX Ipeobpa3oBaHUM
MOKHO BBIIETHTB: G(X,))=[x%y%x —y%(x—y);(x+y)’] u
G(x,y)=[xy;x* =y x° =y (x+y)%;(x+y)°]. Takum obpasom,
acTUTMaTH4YecKoe Ipeobpa3oBaHue B 00LieM BHZE
(x£y)* u x* +y* umeet cMmbIc ipu 0<t<2 u 0<d<2.

IU1si BepUUKALIMKM IIpeJIOSKeHHBIX I1peobpa3oBa-
HUI IIpoBefleM aHaJIH3 BUXPEeBOro IIy4ka BHUAA Iaycca
Jlareppa C TOITOJIOTHMYeCKUM 3apsanoM q=1 u q=3. g
yIo6CTBa IIpefCTaBIeH s JAaHHBIX BOCIIONB3yeMCS pac-
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into the analyzed wavefront. The results of successful
detection of the topological charge of a vortex beam of
the first and third order using the filters matched to
astigmatic wave aberrations are shown.

The possible determination of the topological
charge by introducing the astigmatic wave aber-
rations with various weight coefficients is shown.
Moreover, reliable detection can be achieved using
the wave aberrations of Z, ,, type at n<6 that is par-
tially confirmed by the analytical representation of
these aberrations as a superposition of radially sym-
metric functions and Z, ,, type. In turn, in contrast
to the classical method using astigmatic transforma-
tions, this method allows to control the band width
between the maxima in a specific diffraction order.

The use of astigmatic transformations, represented
through the superposition of the radial symmetric
and astigmatic-like Zernike polynomials is proposed
to expand the range of topological charge analysis
tools.  G(x,y)=[xy;x*;y% x> —y%(x—y)%(x+y)?] can be
emphasized among the transformations. Thus, a gen-
eral astigmatic transformation in the form of (x+y)*
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Ta6nuua 5. feiictaue dpunbtpa (1), rae Zy 3ameHeHo Ha G(x, y) Mpy aHann3e TONOMOrMYeCckKoro 3apsaa BUXPEBOro Myyka
Table 5. Filter action (1), where Zy is replaced by G(x, y) during analysis of the topological charge of a vortex beam

AeicTene GunbTpoB T;(X,y) (MHTEHCHBHOCTD)
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CYHMTaHHBIMH QUIBTPAMH T,(X,Y), T,(X,V), 15(X,Y), T4(X,V).
Pe3y/IbTaThl MOZIETUPOBAHUS IeHCTBHE GUIBTPOB IIpef-
CTaBJIeHbI B Tab1. 4 1 5.

W3 Tabin. 5 BUSHO, YTO aCTUTMATHYeCKHe ITpeodpaso-
BAaHMSI, KOTOpbIe IIPEeICTAB/ISIOT COBOM CYIepIIO3HULIUU
PafHaJbHO CHMMETPUYHBIX IIOIMHOMOB LlepHHKe
U THIIA Z, ,,, [103BOJISIIOT YBEPEHHO IeTeKTHPOBATh TOIIO-
JIOTMYeCKU 3apsi, BUXPEBOIo Iy4YKa KaK HHU3KOTro, TaK
M BBICOKOTO IOpsiiKa. Cpemy Ipeobpa3oBaHUE MOKHO
BBLOETUTD G(x,Y) = [xy;x%;y% x> —y%5(x—y)%(x+y)’], a cpenu
aCTUTMaTHYecKuX abeppaluil — IOTHHOMBI llepHIHKe
C PaAMTIBHOM HHJEKCOM N<6.

3AKJ/TIOMEHUE

B paMKax AAHHOHM PaboThl MPOBefEHO HCCIeNOBaHHe
BO3MOKHOCTH [eTeKTHPOBAaHHS U aHa/IM3a TOIIOJIOIH-
YecKOro 3apsiia BUXPeBOro IIyuka IIpH ITOMOILK BHece-
HUS abeppallyil Pa3TUYHOIO THUIIA U YPOBHS B aHAJIU-
3MpyeMbIH BO/IHOBOM QPOHT. IIoKa3aHBl pe3yIbTaThl
YCIIENITHOTO JIeTeKTHPOBaHHS TOIIOJIOTHYECKOro 3apsia
BUXPEBOIO Iy4yKa I1€PBOr0 M TPeThero IMopsiika IpH
oMoy QUIBTPOB, COIVIACOBAHHBIX C BOJTHOBBIMU
abeppalusMH aCTUTMATHYeCKOTO THIIA.

and x* +y** is proposed that makes sense at 0<t<2 and
0<d<2. The exception is spherical aberration.

Thus, the proposed method is superior to the clas-
sical method of topological charge analysis and can
be useful in the analysis of point spread function
patterns using the data mining and convolutional
neural networks [29-30]. This is due to the fact that
in one focal filter plane, the machine learning algo-
rithms can quickly and qualitatively determine both
the beam topological charge value, and availability of
astigmatic aberration in the original field in the case
of reverse problem.
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[Toka3aHa BO3MOYKHOCTb OIIpefleleHHs TOIOIOrrye-
CKOTO 3apsifia IIpH IIOMOIIX BHeCeHHs BOTHOBBHIX abep-
paLMi aCTUTMATHYeCKOro THIIA C PasHBIM BEeCOBBIM
Ko3dPUIieHTOM. [IpHdyeM yBepeHHOe [eTeKTHPOBa-
HUe yJaeTcsl JOCTUTHYTh IIPH [TOMOIIHN BOTHOBBIX abep-
paLMi THIA Z, ,, IPU N<6, YTO YaCTHUYHO IOATBEPK-
IaeTcs aHATUTHYECKUM IIpe/iCTaBlIeHHe YKa3aHHBIX
abeppalilMil B BHJe CyNepIHO3HLMK PafHaJbHO CHM-
MeTPUYHBIX QYHKUHUHN U THIA Z,,,. B CBOWO ouepenp,
OAHHBIN METOZ, B OTIMYHe OT KJIACCHYeCcKOoro crocoba
C UCII0/Ib30BAaHHEM aCTUTMATHYeCKHX [Tpeobpa3oBaHUII,
I103BOJISIET YIIPAB/ISTh IIMPUHOM I1070C MeXAY MaKCH-
MyMaMHU B KOHKPETHOM AU GPaKLIOHHOM IIOPSIIKe.

IIpennoskeHO HCII0Nb30BaHKe aCTUIMaTHUeCKUX ITpe-
06pa30oBaHUI, IIPeACTaBIeHHbIX Yepe3 CyMepIIo3HIHIO
PaAHAIBHO CHMMETPUYHBIX M aCTUTMATH4YeCKHU I10706-
HBIX IIOJIMHOMOB LlepHHKe, [/Is1 paclIMpPeHHsl CIIeKTpa
MHCTPYMEHTOB aHa/JIM3a TOIOJOTMYeCKOro 3apsia.

Cpenn  mpeob6pa3oBaHMN  MOXKHO  BBIOEIUTD
G(x,y)=[xy;x%y%;x° —y%(x—y)*;(x+y)’]. Takum obpasom,
IIpe/i/IOKeHO ~ acCTUIMaTH4Yeckoe IIpeobpa3oBaHMe

B obmieM Buzie (x+y)* 1 x*' +y*!, KOTOpoe HUMeeT CMBICI
npu 0<t<2 u 0=d<2. YUCKIIOUeHHeM SBISETCS X +)° -
cheprueckas abeppariys.

TakuM 06pa3oM, IpelJIOKEeHHBIN MeTO[, IIPeBOCXO-
OUT KIACCMYeCKHH Crocob aHalK3a TOIOJIOrHYecKoro
3apsiia M MOKeT OBITH IIO/Ie3eH IIPY aHa/IM3e KapTHH
OYHKUMH pacCessHHS TOUYKH C ITOMOIIBI0 HHTeJIeK-
TyaJIbHOTO aHa/M3a AAHHBIX M CBEePTOYHBIX HEHPOH-
HBIX ceTell [29-30]. 9To 0byC/I0B/IEHO TeM, UTO B OHOM
GOKAIBHOM IUIOCKOCTH (QUIBTPA QITOPUTMbBI MAIIHMH-
HOro obyueHHsI MOTYT OBICTPO M KaueCTBEHHO OIIpefe-
JUTh, KaK 3HaueHMe TOIIOJIOTMYEeCKOro 3apsiia Iyuka,
T.K. U B 0OPaTHOM 3a/iaue - OIlpesie/TUTh Ha/TM9IHe aCTHUT-
MaTH4eCKoH abeppaliiy B HCXOIHOK II0JIe.

BJIATOOAPHOCTU

Pabota BbINOAHEHA B pamkax peanu3auiy MporpamMmbl passuTing Camapckoro
yHuBepcuTeTa Ha 2021- 2030 rogbl B pamkax nporpammbl «MpuoputeT-2030» npu
noaaepxke MpasutenncTea Camapekoi o6nacty (npoekt Ne 31/226).

JINTEPATYPA

1. Nye).F., Berry M.V. Dislocations in wave trains. Proc. of Royal. Sac. A. 1974;336(1605):165-190.
https://doi.org/10.1098/rspa.1974.0012.

2. BazhenovV.Yu., Soskin M.S., Vasnetsov M.V. Screw dislocations in light wavefronts. ). Mod.
Opt.1992;39(5): 985-990. https://doi.org/10.1080/09500349214551011

3. Allen L., Beijersbergen M.W., Spreeuw R.}.C., Woerdman J.P.Orbital Angular Momentum
of Light and the Transformation of Laguerre-Caussian Laser Modes. Phys. Rev. A.1992;45: 8185~
8189. https://doi.org/101103/PhysRevA.45.8185.

4. Padgett M., Courtial J., Allen L. Light's Orbital Angular Momentum. Phys. Today. 2004;57(5):
35-40. https://doi.org/10.1063/11768672.

5. Gibson G., Courtial ]., Padgett M., Vasnetsov M., Pas’ko V.., Barnett S., Franke-Arnold
S. Free-Space Information Transfer Using Light Beams Carrying Orbital Angular Momentum. Opt.
Express. 2004;12: 5448-5456. https://doi.org/10.1364/ OPEX12.005448.

6. KarpeevS.V., PavelyevV.S., Soifer V.A., Khonina S.N., Duparre M., Leudge B., Turunen).
Transverse mode multiplexing by diffractive optical elements. Proc. SPIE. 2005;5854: 1-12.

424 POTOHMUKA TOM 16 Ne5 2022

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
ONTUYECKME YCTPOUCTBA M CUCTEMbI I
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

7. KhoninaS.N., Karpeev S.V., Butt M.A. SpatiaHight-modulator-based multichannel data
transmission by vortex beams of various orders. Sensors (VMDPI). 2021:21:2988(12pp). https://doi.
0rg/10.3390/521092988.

8. Khonina$.N., KotlyarV., SoiferV, Paakkonen P., Simonen)., Turunen . An analysis of the
anqular momentum of a light field in terms of angular harmonics. J. Mod. Opt. 2001:43: 1543-1557.

9. BerkhoutG.C.G., Lavery M.P.)., Courtial)., Beijersbergen M.W., Padgett M. ). Efficient
sorting of orbital angular momentum states of light. Phys. Rev. Lett. 2010; 105: 153601.

10. MirhosseiniM., MalikM., ShiZ., Boyd R.W. Efficient separation of the orbital anqular
momentum eigenstates of light. Nat. Commun. 20134, 278].

1. Abramochkin E., Volostnikov V. Beam transformations and nontransformed beams. Opt.
Commun. 1991,83:13-135.

12. Beijersbergen M.W., Allen L., H.E.L.O. van der Veen, Woerdman ). P. Astigmatic laser
mode converters and transfer of orbital angular momentum. Opt. Commun. 1993,96: 13-132.

13. HacyanS., Jauregui R. Evolution of optical phase and polarization vortices in birefringent
media, Journal of Optics A: Pure and Applied Optics. 2009,11(8): 085204.

14. Zusin D.H., Maksimenka R., Filippov V.V., Chulkov R.V., Perdrix M., Gobert O.,
Grabtchikov A. S. Bessel beam transformation by anisotropic crystals. Journal of the Optical
Society of America A. 2010,27(8): 1828-1833.

15. Zheng S., Wang ). Measuring Orbital Angular Momentum (OAM) States of Vortex Beams with
Annular Cratings. Sci Rep. 20177, 4078]. https:.//doi.org/10.1038/srep40781.

16. RasouliS., Fathollazade S., Amiri P. Simple, efficient and reliable characterization of Laguerre-
Gaussian beams with non-zero radial indices in diffraction from an amplitude parabolic-line linear
grating. Opt. Express. 2021,29: 29661-29675.

17, Rasouli S., Amiri P., Kotlyar V., Kovalev A. Characterization of a pair of superposed vortex
beams having different winding numbers via diffraction from a quadratic curved-iine grating.
Journal of the Optical Society of America B. 2021;138(8): 2267-2276. https.//doi.org/101364/

JOSAB 428390.

18. PorfirevA.P., Khonina S.N. Experimental investigation of multi-order diffractive optical
elements matched with two types of Zemike functions, Proc. SPIE 9807. Optical Technologies for
Telecommunications. 16-18 November 2015. Ufa, Russian Federation. 2016;98070E-9p. https://doi.
org/101117/12.231378.

19. Khonina S.N., Karpeev S.V., Porfirev A. P. Wavefront aberration sensor based on
amultichannel diffractive optical element. Sensors (MDPI). 2020;20: 3850-(16pp). https://doi.
0rg/10.3390/520143350.

20. Khorin P.A., Volotovskiy S.G., Khonina S. N. Optical detection of values of separate
aberrations using a mufti-channel filter matched with phase Zemike functions. Computer Optics.
2021:45(4):525-533. https://doi.org/10.18287/2412-6179-CO-906.

21. Born M., Wolf E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and
Diffraction of Light. 78" ed. - Cambridge University Press: Cambridge. UK. 1999.

2. LakshminarayananaV., Fleck A. Zernike polynomials: a quide. Journal of Modem Optics.
2011:58(7) 545-561.

2. Vinogradova M.B., Rudenko O.V., Suhorukov A.P. Teoriya voln.— M. Nauka. 1979. 384 p.
Bunorpaposa M.b., Pyaenko O.B., CyxopykoB A. I1. Teopus gomH. — M.: Hayka. 1979. 384 c.

2. Abramochkin E., Losevsky N., Volostnikov V. Generation of spiral-type laser beams. Optics
Comm. 1997:141(1-2): 59-64.

25. KotlyarV.V., SoiferV.A., Khonina S. N. Rotation of multimode Gauss-Laguerre light beams in
free space, Technical Physics Letters. 197,23 (9): 657-658.

26. Kogelnik H., LiT. Laser beams and resonators. Appl. Opt. 1966;5: 1550-1567.

2. KotlyarV.V., Khonina S.N., Soifer V.A. Generalized Hermite beams in free space. Optik.
1998;108: 20-26.

28. KotlyarV.V., KovalevA.A., Porfirev A.P., Kozlova E. S. Three different types of astigmatic
Hermite-Caussian beams with orbital angular momentum. J. Opt. 2019; 21: 115601.

29. RodinI.A., Khonina S.N., Serafimovich P.G., Popov S.B. Recognition of wavefront
aberrations types corresponding to single Zernike functions from the patter of the paint spread
function in the focal plane using neural networks. Computer Optics. 2020;44(6):923-930.

30. Khorin P.A., DzyubaA.P., Serafimovich P.G., Khonina S.N. Neural networks application to
determine the types and magnitude of aberrations from the pattern of the point spread function
out of the focal plane. J. Phys.: Conf. Ser. V.2021;2086:012148~7pp.

ABTOPDI

XopuH Masen Anekceesny, NporpaMmuCT, Hay4HO-MCCNeA0BaTeNbCKAs TabopaTopus
ABTOMATM3MPOBAHHBIX CUCTEM HAY4HbIX NCCNER0BAHMIA, CAMAPCKUI HALMOHANbHBIA
UCcCnefoBaTebCkuil YHBEpCUTET MMenu akagemika C. M. Koponesa, r. Camapa,
Poccus.
ORCID: 0000-0002-2248-614X

XoHuHa CBeTnaHa HukonaesHa, A. ¢.-M. H., npod., . H. ., Hay4Ho-uccnefoBaTenbckas
nabopatopus aBTOMATU3MPOBAHHDIX CUCTEM HaYYHbIX MCCIeA0BAHMA, Camapekuit
HaLVOHA/IbHbIA MCCIeA0BATENBCKUA YHUBEPCUTET UMEHN aKafeMuka
C.N.Koponesa; UCOW PAH - dununan OHULL «Kpuctannorpadus n dotoHmka» PAH,
r. Camapa, Poccus.



I

XXVI MEXXAYHAPOQHAS
e BbICTABKA CPEACTB nEEanuEHHn
BE3OMACHOCTM FOCYIAPCTBA

18—20 OKTSABPS 2022
&  MOCKBA, MBL, «KPOKYC 3KCMO»

BTOPOW MEXXOYHAPOOHbIA ®OPYM
«MHTEPMNOJIUTEX: UWOPOBAA TPAHCOOPMALNA
BE3OMACHOCTU TOCYOAPCTBA» l‘

=112
.23
Al

B
=)
B

MpH nogaepHEe CoopraHmzarop MpoexT OBK «BM30OH»

MuHuUMdpsI L R
% PoCCUM CBa3uUCT Euﬁﬁ INTERPOLITEX.RU



