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B pa6oTe M310)KeHbI pe3y/ibTaTbl
uccnepoBaHUM fencTBUsA 6UKOHUYECKOro
aKCUKOHA, peppaKLLMOHHHOIO ONTUYECKOro
3/1eMeHTa C ABYMS KOHUYECKUMMU
NOBEPXHOCTAMM, HA OCBELLEHME U3JTyUHEeHUEM
Pa3/IN4YHOro COCTOSHUSA NONSAPU3ALLAU, B TOM
yuncsie HeOAHOPOAHbIM (C asuMyTanbHOM

v pagmanbHou nonsapusauuent). BUKOHUYeCKU
AKCUKOH paHee 6blJ1 NpeAsoXeH Ans
npeo6pa3oBaHuUs Ny4vka c Kpyrosom
nonspusaumnin B asMMyTasibHO MNOJIIPU30OBAHHbIN
NMy4yOoK 32 CYET OTPaAXKEHUS U NMpPesIOMJIEHUS
nyyen nop yriaom Bproctepa Ha ogHoOM
KOHUYeCKOM NOBEPXHOCTU C NocneayoLwen
Ko/IIMMaumen nyyka 3a cyeT BTOpou
KOHMYeCKOM NOBEpPXHOCTU. NMongpusaunuoHHbie
npeo6pa3oBaHus, oCyLLeCcTB/sieMble NpU
Andpakumm Ha 6UKOHUYECKOM aKCUKOHEe
Ny4yKOB C pas/INYHOM NonsipusaLmen,
paccuuTaHbl C UCNOJIb30BaHUEM MeToAa
KOHEeYHbIX pa3HOCTel BO BpeMeHHo 06/1acTu.
Ha ocHoBe YNCNeHHOro MoAeNNpoBaHuUS
NnokasaHo, YTo 6MKOHNYECKUN aKCUKOH,
BbIMOJIHEHHbIN U3 cTekna K14 (nokasaTenb
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The paper presents the study results of the
effect of a biconical axicon, a refractive
optical element with two conical surfaces,
on illumination by radiation of various
polarization states, including inhomogeneous
one (with azimuthal and radial polarization).
The biconical axicon was previously
proposed for converting a beam with circular
polarization into a azimuthal polarized beam
due to the beam reflection and refraction at
the Brewster angle on one conical surface,
followed by the beam collimation due to

the second conical surface. The polarization
transformations performed during diffraction
of beams with various polarizations by

a biconical axicon are calculated using the
finite difference method in the time domain.
Based on the numerical simulations, it is
shown that the biconical axicon made of K14
glass (with the refractive index n = 1.4958)
can be used as a detector for azimuthal

and radially polarized beams based on the
intensity pattern in one plane.
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npenomseHus n=1,4958), moxet 6biTb
MCNo/b30BaH B KayecTBe AeTekTopa g
pacnosHaBaHMUs a3UMYTa/ibHO M paguanbHO
nonsapu3oBaHHOrO MNy4YKOB HA OCHOBE KapTUHbI
MHTEHCMBHOCTU B O4HOW NNOCKOCTH.
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BBEAEHUE

B coBpeMeHHOM ONTHKe PaclO3HaBaHHe II0/SIpH3a-
LMH ONTHYECKUX ITy4YKOB SBISETCS OOHOM M3 BaXK-
HeHIIMX 33734 [1] U mMeeT MHOXKeCTBO ITpPaKTHue-
CKUX IpHMeHeHHH. Hampumep, HeTeKTHpPOBaHHE
IO/IIPHU3aLIUKU MOXKET ObITh UCIIOIB30BAHO ISl yIyU-
LIeHHs IIPOM3BOAUTEIPHOCTH ONTHYeCKUX CHUCTeM
Iepeflayy JaHHBIX [2-5], IS cO3MaHMS HOBBIX MeTO-
noB obpaborku mHPopMauuu [6, 7] U ONTHYIECKOH
OUArHOCTUKU [8-9], a TakKe CTPYKTypUPOBaHHUS
IIOBEPXHOCTEH MaTepuaios [10, 11].

s pacro3HaBaHUA IOAAPHU3ALKMU OINTHYECKHUX
IIy4YKOB CYLIeCTBYeT MHOXeCTBO MeTOJ0B, CpefnHu
KOTOPBIX ITOAXOMbI, OCHOBAHHBIE Ha MHTep(epeHIIr-
OHHBIX MeTodax [12-14], ucroab30BaHUE IHUGpaKIIH-
OHHBIX OIITHUYeCKUX 371eMeHTOB ([O3) [15-17], mpo-
CTPAaHCTBEHHBIX MOJAY/ISATOpoB cBeTa (IIMC) [18-20],
CyOBO/THOBBIX PpeIIeTOK, MeTaIlOBePXHOCTeM, aHH-
30TPOIIHBIX KPHUCTAAI0B M IIJIeHOK [21-26]. Kax-
OB K3 3THUX MeTOJ0B HMeeT CBOM IIpeHMYIecTBa
U HegocTaTKU. IIpuMeHeHure [IMC orpaHHYKMBaETCSA
TeM, YTO OHH IIpeobpasyioT TOJIBKO HacCTh CBeTa,
YTO MOKeT IPHUBECTH K YMEHbIIEHHUIO I1OJIIpHU3aLH-
OHHOTO KOHTpacTa. Cyb6BOJIHOBBIE PeLIeTKH H3Me-
HSIIOT II0/IIPU3allMOHHBIM KOHTPACT B 3aBHCHMOCTH
OT yIJIa IIOBOPOTA IJIOCKOCTH IOASAPHU3aALMU, U IJIS
KOMIIEHCAIIUK 3TOro 3ddexTa TpebyeTcs HCIIONB-
30BaHHMe KOMOWHALIMK IIOTSPHU3ALIMOHHBIX U QOKYy-
CUPYIOLIMX 3/7IeMeHTOB [26]. OTMeTHUM TaKKe, UTO
K3TrOTOBJIEHH e CYOBOTHOBBIX PelleTOK /I BUIHMOTO
JHala3oHa JJIMH BOJIH SIBJISETCS CJI0KHBIM IIpOLiec-
coM. IIpu MCII0/Ib30BAHHH MHOTOIIOPSIAKOBBIX 1O
HeobXomUMBIM (PAaKTOPOM PACIIO3HABAHHS IIOMSIPU-
3aUHA OITHYeCKHUX IIy4YKOB SIBJISETCS KOMIIBIOTEp-
Hast 06paboTKa KOPpeIsSLIMOHHBIX KapTHH [27].

Eme ogHMM MeTOAOM (QOPMHPOBAHHUSA HEOLHO-
POLHO IOJSPU30BAHHBIX IIYyUKOB SBJISETCS HCIIONIb-
30BaHHe CIel[HaJbHBIX CTPYKTYp [28], a Takke ped-
PaKLIMOHHBEIX OINTHYECKHX 3JIeMEHTOB, HaIlpuMep
C HCIIOJIb30BaHHEM IIPeJIOM/ISIOIINX HJIHM OTpaka-

il 4

INTRODUCTION

In the field of modern optics, polarization recogni-
tion detection of the optical beams is one of the
most important issues [1] that has many practical
applications. For example, polarization detection
can be used to improve the performance of optical
data transmission systems [2-5], to develop new
methods of data processing [6, 7] and optical diag-
nostics [8-9], as well as to structure the material
surfaces [10, 11].

There are a lot of methods for recognizing the
optical beam polarization, including various
approaches based on the interference methods [12-
14], application of diffractive optical elements (DOE)
[15-17], spatial light modulators (SLMs) [18-20], sub-
wavelength gratings, metasurfaces, anisotropic
crystals and films [21-26]. Each of these methods
has its own advantages and disadvantages. The use
of SLMs is limited by the fact that they convert only
part of the light that can lead to a decrease in the
polarization contrast. The subwavelength gratings
change the polarization contrast depending on the
rotation angle of the polarization plane. To com-
pensate for this effect, a combination of polariza-
tion and focusing elements is required [26]. It shall
also be noted that the production of subwavelength
gratings for the visible wavelength range is a com-
prehensive process. When using the multichannel
DOEs, a necessary factor for recognizing the optical
beam polarization is the computer processing of
correlation patterns [27].

Another method for the generation of hetero-
geneously polarized beams is the application of
special structures [28], as well as the refractive opti-
cal elements, for example, with the refracting or
reflecting axicons that convert the radiation polar-
ization when light is incident at the Brewster angle
[29-34].

In this work, we consider the possible applica-
tion of a refractive biaxicon [34] for detecting the
azimuthal and radially polarized optical beams.
A refractive biaxicon is an optical element that has
two working conical surfaces (polarization is con-
verted on the inner surface of the element due to
the beam reflection and refraction at the Brewster
angle, and the outer surface provides collimation
of the converted beam) and is used to convert an
optical beam with circular polarization to the azi-
muthal polarized beam.

We use the FDTD method in our paper to calcu-
late the diffraction on an optical element, then we
analyze the obtained data in the form of intensity
patterns to recognize the type of polarization. In
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IOIMX aKCHUKOHOB, KOTOpBIe IIpeobpasyioT IMOIsIpHU-
3alMI0 U3/Iy4eHUs IIPU MafleHUU CBeTa I0J yIIoM
bprocrepa [29-34].

B naHHOI paboTe MBI PAaCCMOTPHUM BO3MOKHOCTH
IIpUMeHeHUs pedpaKLHOHHOro 6rakcuKoHa [34] nys
PacCIIO3HABAHUS A3MMYTAJIBHO M PafUAJIBHO IIONS-
PHU30BAHHBIX OITHYECKHUX IIYUKOB. PedpaKLHOH-
HBIM 6MaKCHKOH - 9TO ONTHYeCKHUI 3J1eMeHT, KOTO-
PBIF HMMeeT J1Be pabodrie KOHUYeCKHe IOBEPXHOCTH
(Ha BHYTpeHHel ITOBePXHOCTH 3JIeMeHTa IIPOHCXO-
OUT Ipeobpa3oBaHMe IOJNSPHU3AIUH 32 CUET OTpa-
SKeHHSI U IIpeJIOMJIeHU s JIydeH 107 yIioM bpiocTepa,
a BHeIIHSS I10BePXHOCTb obecrieyrBaeT KOJIKMMa-
LIMIO Tpeobpa3oBaHHOrO Iy4Ka) U HCII0Ib3yeTCs IS
npeobpa3oBaHHUe ONTHYECKOTO Iy4dKa C KPYroBOK
mojasgpHu3altell B a3MMYTJIbHO IIOISPU30BaHHBIM
IIy4OK.

B namein pabore Mpl Hcmonbdyem MmeTon FDTD
IJ1st pacyeTa AUGPAKLUU HA OIITHYECKOM 3dJIeMeHTe,
3aTeM IIPOBOAMM aHaJIM3 IMOJY4YeHHBIX JAaHHBIX
B BHJle KapTHUH HHTEHCHBHOCTH [/ pacIlo3HaBa-
HUS THUIA MOASPU3aALMU. B mpempiaymux paborax
(33, 34] 6BUIM HCCIELOBAHBl IIOASPU3ALHMOHHBIE
npeobpa3oBaHUs, IIPOUCXOASINIHEe HA KOHHUUYECKHUX
[IOBEPXHOCTSIX, MPUOIMKEHHO C HCIIONb30BaHHEM
reoMeTpU4YeCcKON ONTHUKKU. OAHAKO AaHHBIe HCCiIe-
NOBAaHHUS ObUIM OTrpaHHUYeHBl JaJbHEH 30HOM AU-
paKIMK. Ba)kHO OTMeTHTb, YTO B COBPEMeHHBIX
IIPUMeHeHHUSX MHUKPO-3JIeMEeHTOB, B TOM YHCIIe
MHKPOAKCUKOHOB [35-37], aKLeHT caenaH Ha OIHK-
Hel 30He AMPAaKUHU. [I09TOMY BO3HHKaeT Heob-
XOIUMOCTb H3ydeHHsS pa3paboTaHHOTO 3/eMeHTa
B 3/IeKTPOMarHUTHOM MHPUOIMKeHHUH, 4YTOOBl He
TOJIBKO YTOYHUTh Pe3yIbTaThl TeOMeTPOOITHUECKUX
pacueToB, HO TaKke MCCAe[OBAaTh IIOJSPH3ALHOH-
Hble ITpeobpa3oBaHHUS U BO3MOXKHOCTb JeTEeKTHPO-
BaHUS IOJSPU3ALMOHHOIO COCTOSIHUS B O/NMKHEH
obnactu fUdpaKIUU.

1. TEOPETUYECKWUE OCHOBDI
B pabote [34] 6pl1 mpenoskeH pedpaKLHOHHBIM
OUKOHHMYECKUN aKCUKOH st GOPMHUPOBAHHUS U3
IIy4yKa C KPyToBOM IMOJsSpHU3aliier a3sHMYTaJIbHO-
IIO/ISIPU30BAHHOTO0 BHXPEBOr0 IIydyKa. OJJIeMeHT
obpa3oBaH ABYMS KOHHYECKHMH IOBEPXHOCTSIMH
TakUM obpa3om, uTo obpasyer Qurypy Bpale-
HUSI, HallOMHHAIONyI ByJaKaH (puc. 1). Ilpoek-
uuu 1 3D-popMa OMKOHHMUECKOTO aKCMKOHA C yKa-
3aHHeM QU3UUYeCKUX pa3MepoB IIPelCTaBIeHBl Ha
puc. 1.

[IpeamonaraeTrcs, YTO KOJJIMMHUPOBAaHHBIN
IIy4OK C KPYrOBOM IIONSpU3aLMel IafaeT CHHU3Y
BBepX Ha BHYTPEHHIOI KOHHUYECKYIO II0BEPXHOCTB,
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Puc. 1. [Mpoekuuu u 3D-hopma npenomAsitoLL,e20 bUKOHUYe-
CK020 aKCUKOHA C uartocmpauuell e2o pasmepos

Fig. 1. Projections and 3D shape of a refractive biconical
axicon with indication of its dimensions

previous papers [33, 34], the polarization transfor-
mations occurring on the conical surfaces were
studied in an approximate way using the geometric
optics. However, these studies were limited to the
far diffraction field. It is important to note that
in the up-to-date applications of microelements,
including microaxicons [35-37], the emphasis is
on the near diffraction field. Therefore, it becomes
necessary to study the developed element in the
electromagnetic approximation in order not only to
clarify the results of geometric and optical calcula-
tions, but also to study the polarization transfor-
mations and possible detection of the polarization
state in the near diffraction field.

1. THEORETICAL BACKGROUND

In [34], a refractive biconical axicon was proposed
for generation of an azimuthal polarized vortex
beam from a beam with circular polarization. The
element is made by two conical surfaces in such
a way that it forms a rotation figure resembling
a volcano (Fig. 1). The projections and 3D-shape of
the biconical axicon with its physical dimensions
are shown in Fig. 1.
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COOTBETCTBYWOINYIO yriy bprocrepa. IIperomieHHas
YacTh Iy4YKa UMeeT a3UMYTAIbHYIO IIOJSAPU3ALHIO.
BTopasg KoHMYeCKas I[IOBePXHOCTb OTpa’kaeT CO03-
OAHHBIN IIy4OK Jajee HapyKy TaK, 4YTOOBl OH ObLI
KOJIIUMHPOBAaHHBIM. [10APOOHBIN BBIBOJ, OCHOBHBIX
GopMyJI, ONMUCBHIBAOIINX GOPMY OITHYECKOIO 3JIe-
MeHTa C IIoKasaTejleM IIpeJIOMJIeHHS MaTepHala
n=1,4958, npencrasieH B paborax [33, 34].

Tunm monspusaliyd CBETOBOTO IIYyYKa 3aBHCUT
OT KOMIIOHEHT BeKTOpa 3JIeKTPUYeCKOI0 K Mar-
HUTHOIO II0/7s. PacCMOTPHUM HeCKOJIBKO Hamboee
HM3BeCTHBIX BHJOB IOASPU3aLlMHU CBETOBOIO HCTOY-
HHUKa. [IyCcTh Ha NPpeloMISIOMUIN OGMKOHUYECKHUI
aKCHUKOH IafaeT [ayccoB MYy4OK C KPYLOBOM IIOJISI-
pusanuen. BekTop [KoHca MajaloIero ay4a byzaer

HMEeTb BHU/[ .
EOx 1
E, = = .| 1
(] [ Eoy ] |: i i| ()

[Ipy mafieHUH HCXOSHOIO JIyda Ha ‘Keprio» OBHUKo-
HHYEeCKOI0 aKCHUKOHA IIPOMCXOAHMT OTPKeHHe IIO0NI-
HOCTBIO S-TIOJISPHU30BaHHOrO Jy4da. TakuUM obpasom,
37IeMeHT paboTaeT Kak IOJSPOH[, IPOIYyCKAIOIIHEI
I10/IIPHU3aLIMIO BJOJIb IIOJIIPHOIO OPTaA (.

Marpuna [KOHCa JTHHEMHOIO IOASPOHUJa HMeeT
BH/JI:

Mo .sinz (9) —sin(¢)cos(o) . o
—sin(¢)cos(o) cos’ (o)

INomericTByeM MaTpHULie (2) Ha BeKTop (1):

) sin® (o) —-sin(¢)cos(o) { 1 }_
™| —sin(g)cos(o) cos®(¢) i
sin’(¢)-isin(¢)cos(¢) sin(o)

—sin(¢)cos()+icos’ ()

enfl+-3)

3)

—cos(9)

13 ¢opmynsl (3) BUOHO, YTO BBIXOJHOM IIy4OK
HMeeT A3UMYTA/JIbHYIO IIONSPH3ALMI0 C BUXPEBOH
da3on mepBoro nopsiAKa.

PaccCMOTPHM CIy4aM, KOTAa MaJAoUKUI 1y4d UMeeT
pagHanbHYIO IIONApH3allMs, TOIrJa BeKTOp J[IKoHCca
OymeT UMeTh CIeyIOIIUI BHU/:

E - cos(o) ' @
sin(o)

il 4
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It is assumed that a collimated circularly polar-
ized beam is incident from bottom to top on the
inner conical surface relevant to the Brewster angle.
The refracted part of the beam has azimuthal polar-
ization. The second conical surface reflects the devel-
oped beam further outward so that it is collimated.
The detailed results of the basic formulas describing
an optical element shape with a refractive index of
the material n=1,4958is given in [33, 34].

The type of light beam polarization depends on
the components of the electric and magnetic field
vectors. Let us consider several well-known types of
a light source polarization. Let a Gaussian beam with
circular polarization fall on a refracting biconical axi-
con. The Jones vector of the incident beam shall be as

follows:
EOx 1
EO:[ Eoy ]=|: i i|' (1)

When the initial beam is incident on the “crater” of
the biconical axicon, a completely s-polarized beam is
reflected. Thus, the element is operated as a polaroid
filter that transmits polarization along the polar vec-
tor ¢.

The Jones matrix of a linear polaroid filter shall be
as follows:

Mo .sinz (9) —sin(¢)cos(o) ' )
—sin(¢)cos(o) cos’ (o)

Let’s use the matrix (2) to influence the vector (1):

sin’ (o)
—sin(¢)cos(o)

out =

—sin(¢)cos(o) [ 1 }:

cos’(¢) i

ety [27+-3))
G

sin®(¢)-isin(¢)cos()

—sin(¢)cos()+icos’ ()

It can be seen from the formula (3) that the output
beam has azimuthal polarization with a first-order
vortex phase.

We will consider the case when the incident beam
has radial polarization, then the Jones vector shall
have the following form:

E - cos(o) . @)
sin(o)

PHoTONICs vOL. 17 Ne5 2023 397
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[TonmericTByeM MaTpuLiel (2) Ha BeKTop (4):

—sin(o)cos(0) }[ cos() ]

cos’(¢) sin(g)

| sinie)
™| —sin(e)cos()

_| sin’(g)cos(e)-sin’(g)cos(¢) :{ 0 }
o) | L O ®)

—sin(¢)cos*(¢)+sin(¢p)cos

M3 dopmynsl (5) BUAHO, YTO pacCMaTpHUBaeMBbIH
37eMeHT QaKTHUeCKH OTpakaeT MAJAOUIHUH IIYYOK
C pafHabHOMN IOISIpHU3ALIHeH.

Ecu ke IafaloIiMi IIy40K UMeeT a3HMYTa/IbHYIO
IOJISIPU3ALIMIO, OITHChIBAEMYIO BeKTOPOM JIKOHCa Cile-
IyIOIIero BUAA:

cos(o)

Eo{ —sin(o) } ©

TOr'la BBIXOAHOE I10JIe IIPUMET C/ieyiollee I10/IsIpH3a-
OHOHHOE COCTOSIHHE!

~ sin’(¢)
" | —sin()cos(e)

)
—sin(g)(sin?(¢)+cos?(g)) { —sin(o) ]

cos(¢)(sin’ () +cos’(9)) cos(¢p)

—sin(g)cos(p) H —sin(g) ]

cos’ () cos(¢

@)

M3 dopmynsl (7) BUAHO, UTO BBIXOJHOL IIyYOK
COXpaHseT a3MMYTa/JbHYI0 MOJSPU3ALIHIO, UTO LOBO-
PUT 06 MHBApHAHTHOCTH OHMKOHHYECKOTO aKCHKOHA
K a3MMYTaJIbHO IIO/IIPU30BaHHOMY CBeTY.

2. YNCJNEHHOE MOAOE/TNPOBAHUE

Ha ocHOBe Ipe[CTaBIeHHON MOJeNH OHHKOHUYIECKOTO
aKCHMKOHa U [ayccoBa mydKa C IJIMHOM BOJMHBI A=1,5
MKM, PaINyCOM ITIePeTSKKHU 0 =3\ 1 PasHBIMH BUIAMH
NONSpPU3allUK IIpefjlaraeTcs POBeCTH YMCIeHHBIN
pacyer mudpakunu Ha ocHoBe FDTD-meroma. Yuu-
TBIBasl IIPOBEIEeHHBIM TeOPeTHUYeCKHUH aHa/lIu3, Ipel-
[10JlaraeTcsi, 4TO OMKOHHYECKHI AaKCHUKOH, BBIIIOJ-
HeHHBIN U3 cTeKna K14 ¢ mokasaTeseM IIpeIOMIeHUS
n=1,4958 MoskeT OBITH HCIIONB30BaAH IS pacriosHaBa-
HUS a3sMMYTaJbHO M PpaJHaJbHO IIOJISPHU30BAHHOIO
IIYYKOB.

2.1. HEOOHOPOAHASA NMNOJIAPU3ALLUNA
CBETA

IlpoBegeM MoOJenHMpOBaHHE paCHPOCTPaHEHUS

HEOJHOPOJHO IIOASPH30BAaHHOrO Iydka (C pamu-

aTbHOM M a3MMYTAJbHOM II0JSpU3alihel) B CBO-

398 ®OTOHUKA TOM 17 Ne5 2023

Let’s use the matrix (2) to influence the vector (4):
sin’ (o)
™1 —sin(¢)cos(p)

_ sin’(¢)cos(¢)-sin’(¢)cos() :{0}
o) L0 . B

—sin(¢)cos®(¢)+sin(e)cos

—sin(o)cos(0) }[ cos() ]

cos’(9) sin(g)

It can be seen from the formula (5) that the ele-
ment under consideration actually reflects the inci-
dent beam with radial polarization.

If the incident beam has an azimuthal polariza-
tion described by the Jones vector of the following

form:
EO{ ~sin(e) } (6)
cos(¢)

then the output field shall take the following polar-
ization state:

~ sin’(¢)
" | -sin(p)cos(o)

)
_ —sin()(sin’ (¢)+cos’ (¢)) :{ —sin(q))]

cos()(sin’ (¢)+cos*(¢)) cos(¢p)

cos’(9) cos(¢

~sin(p)cos(o) H ~sin(o) ]

@)

It can be seen from the formula (7) that the output
beam retains azimuthal polarization that indicates
that the biconical axicon is invariant to the azi-
muthal polarized light.

2. NUMERICAL SIMULATION

Based on the presented model of a biconical axicon
and a Gaussian beam with a wavelength A=1,5 a
radius of neck =3\ and various polarization types,
it is proposed to perform a numerical calculation
of diffraction based on the FDTD method. Having
considered the theoretical analysis performed, it
is assumed that a biconical axicon made of K14
glass with a refractive index n = 1.4958 can be
used to detect the azimuthal and radially polarized
beams.

2.1. INHOMOGENEOUS LIGHT
POLARIZATION

Let us simulate the propagation of a heteroge-

neously polarized beam (with radial and azimuthal

polarization) in free space. Table 1 shows a cross
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Ta6nuua 1. NMonepeyHoe ceyeHne Ha PACCTOSAHNM z=20 MKM KOMMOHEHT BEKTOpa 3/IeKTPUYEeCKOro Nosis Npu pacnpo-
CTpaHeHW B cBOH6OAHOM MPOCTPAHCTBE paAnasbHO M a3MMyTasIbHO MOASPU30BAHHOTO NMyYKa

Table 1. Cross section at a distance z=20 pm of the electric field vector components during propagation of a radially and
azimuthal polarized beam in free space

E, E, E, E

MNHTEHCMBHOCTbL NHTEHCUBHOCTbL VIHTE@HCUBHOCTb MHTEHCMBHOCTb
Intensity Intensity Intensity Intensity

PaananbHas nonspusauuns
Radial polarization

A3MMyTaNbHasa nonspusaumsa
Azimuthal polarization

fomHOM IpocTpaHCcTBe. B Tabn. 1  Tabnuua 2. PacnpefeneHue BekTopa [)KOHCA ANSt pAAVAIbHO Y a3UMyTaNlbHO
IIpe[iCTaBJIeHO IIOIIepeYHOoe ceye-  MOJIIPU30BAHHOIO Nyyka

HUEe UHTEeHCHUBHOCTU U (Pashl Table 2. Distribution of the Jones vector for a radially and azimuthal
KOMIIOHEHT BeKTOopa 3JeKkTpudve-  polarized beam

ckoro monsi. IlosHass UHTEeHCHUB-
HOCTb, KOTOpasl [LeTeKTHPYyeTcs
B CBODOZHOM IIPOCTPAaHCTBE Ha .

OnanbHada nondapusauma
paccTodHHUM z=20 MKM OT BXO[- Radial polarization
HOH IIJIOCKOCTHU, IIpefCTaBisieT
coboll KoOJNbLIEBOE pacmpenene-
HHe He3aBUCHMO OT THIIA IO~
pusanuu (mociaenHUH cTonberr
Ttabn. 1). Takum obpa3om, HeT
BO3MOXXHOCTH OTJIMYUTb paju-
QIBHYIO IIOJASPHU3ALHUI0 OT a3HU-
MYTalbHOM TOJBKO IO KapTHHE
MHTeHCUBHOCTH. Kak 1pa-
BUJIO, B 3TOM C/ly4ae TpebyroTcs A3nMyTasibHas Nonspu3aLns
IOTIOJTHUTENbHBIE IIOJSIPU3ALIH- Azimuthal polarization
OHHBIE YCTPOMCTBA, HaIpHUMep
[OJISIPU3ALMOHHbBIe  aHaJIM3a-
TOPEI, BBIAENAIONIHEe JTHHEHHYIO
COCTABJIAIONIYIO IIOJ OIpeJe/ieH-
HBIM yrjioM. llpuyeM B 3TOM
cnydae TpebyeTcsl LOIIOTHUTENb-
HBIM aHaAHU3 PacCloIoKeHHUS
BBIZIeJIEHHON YaCTU HHTEHCHUB-
HocTHU [38].

z=0MKM | pm z=10 MKM | pm z=20 MKM | pm
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Ha ocHOBe HaHHBIX, IIOJIYYeHHBIX B pe3yjbTaTe
pacueta gudpakUUU B ONMKHeHN 30He (pacCTOSHHUe
z 10 20 MKM), IIOCTPOUM Ipaduk BekTopa [I’KOHCA.
B Tabn. 2 mpesacTaBleHO pacrpefeneHHeM BeKTOpa
JI>KoHCca B IIOCKOCTH OXY Ha pasHBIX PacCTOSHHSAX
IS paguajbHO M a3MMYTaJIbHO IIOJISPU30BAHHOIO
nyda. M3 Tab. 2 BUIHO, YTO HaIlpaBleHHe BeKTOpa
J>KOHCa [J1sl pasHBbIX THUIIOB HEONHODPOJHOM IIOJS-
pHM3alMU HMMeeT 3HAauyHTeJbHOEe OTIIMYHe, OIHaKO
IIOCTPOeHHE TaKOM JHarpaMMBbl Ha OCHOBE 3KCIIe-
PUMEHTA/IBHBIX IAHHBIX TpebyeT JOIIONHHUTETbHBIX
ONTHUYeCKHX 31eMEeHTOB U IOoCIeAyomeld IHPPOBOL
obpaborku [19, 20].

TakuMm obpas3oM, AJIg paclo3HaBaHUS THUIIA I10JIS-
pu3alMuu TpebyloTCs IOIOTHUTENbHBIE 37eMeHTHI
WK YCTPOMCTBA, IIPU 3TOM yHobHee Bcero 6p110 6bI
HCII0IB30BaTh TaKKe YCTPOMCTBA, KOTOPhIe paboTaioT
KaK JaTYMK: IIPUCYTCTBYET HUJIM OTCYTCTBYeT CUIHAJI
(MHTEHCHUBHOCTD) B OITpefie/IeHHOM 00/1acTH JeTeKTH-
poBaHMs. B KauecTBe TaKOro JaT4YMKa IIpeiaraercs
HCII0Ib30BaTh OMKOHHUUECKUI aKCUKOH [34].

2.2. DENCTBUE BUKOHUYECKOIO
AKCUKOHA

PaccmoTpuM 6HMKOHMYECKHMH aKCUKOH Kak ped-

PaKLMOHHBIM ONTHYECKUM 3JeMeHT ISl pacIos-

HaBaHMS a3MMYTaJbHO M PafHalbHO IOJSPHU30-

O
s JEGIA] ONTUYECKME YCTPOMCTBA U CUCTEMb! I —
I T Y

section of the intensity and phase of the electric
field vector components. The total intensity that is
detected in free space at a distance z = 20 pm from
the input plane, is a ring distribution regardless
of the polarization type (the last column of Table
1). Thus, there is no opportunity to distinguish
radial polarization from azimuthal one only by the
intensity pattern. As a rule, in this case, additional
polarizing devices are required, for example, the
polarizing analyzers that single out the linear com-
ponent at a certain angle. Moreover, in this case,
an additional location analysis of the distinguished
part of intensity is required [38].

Based on the data obtained as a result of the dif-
fraction calculation in the near field (distance z
up to 20 pm), it is possible to plot the Jones vector.
Table 2 shows distribution of the Jones vector in the
OXY plane at various distances for a radially and azi-
muthal polarized beam. It can be seen from Fig. 2
that the Jones vector direction for different types of
inhomogeneous polarization has a significant dif-
ference. However, plotting of such a diagram based
on the experimental data requires additional opti-
cal elements and subsequent digital processing [19,
20].

Thus, to recognize the type of polarization, addi-
tional elements or devices are required, while it

Tab6anua 3. CpaBHEHWE AENCTBUS Pa3IMYHO-NOIIPM30BAHHOIO MCTOYHMKA CBETA (MOMepeyHoe ceyeHne pacnpeneneHus
MHTEHCMBHOCTM HA BbIXOAE NOC/e BUKOHMYECKMA aKCUKOHA, MPOAOALHOE ceyeHume B npoekumm OYZ)

Table 3. Comparison of the differently polarized light sources (cross section of the intensity distribution at the output
after the biconical axicon, longitudinal section in the OYZ plane)

X.-non. faycc

Kpyr.-non. raycc
X-polarization, Gauss
Gauss

Circular polarization,

Paa.-non. raycc
Radial polarization, Gauss

A3uM.-non. faycc
Azimuthal polarization,

[Mpoekunsa
(0)4%

OoXY

plane

[CEUSS

[Mpoekunsa
oyz

oyz

plane

=) = O

. R ]
Wimicrns}
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BAaHHOIO Iy4YKa. [ 3TOT0 IIpoBefeM CpaBHeHUe
IercTBUsl GMKOHHMYEeCKUH aKCHUKOHA IIPH MafleHUH
Ha Hero M3JydyeHHUs C pa3sJIMUYHBIMU THUIIAMU I10OJIS-
pu3auuu. B Tabn. 3 mpencTaBieHBl Pe3yNbTAThHI
pacueTta JUQPPAKLMH IO/ Ha BHIXOZeE IIOC/Ie IIPO-
XOXKAEeHHsI ONTHYEeCKOro 3jleMeHTa. Ha momepeu-
HOM pacIpelle/leHUH HHTEHCHUBHOCTH BHUIHO, YTO
[IOJIHAsl 3HepPrusi paclpefensieTcs II0 KOJIbLAM.
CTOUT OTMETUTb, UTO IIPH a3MMYTaJIbHOM IO/ISIPH-
3aIlMM OTCYTCTBYeT L|eHTPaJbHBbIM MUK II0 CpaBHe-
HHUIO C X-TIO/NISIpU3aljier, KPYroBOM M paJHa/bHOH,
YTO Cpasy sIB/ISeTCS NPHU3HAKOM JJIS OIpeJeleHHs
OAHHOIO THIIA IMolspU3aluu. Kpome TOro, oTau-
YUTh PafHaJIBHYIO IIONSPHU3ALIMI0 OT OJHOPOIHOL
(TMHEeHMHOMW K KPYrOBOM) MOSKHO II0 PaKTHUECKOMY
OTCYTCTBHIO SHEPIUHU Ha KOJblle, pafuyCc KOTOPOro
COOTBETCTBYET “Kepiy» OMKOHHUYECKOI0 aKCHKOHA.
YTo KacaeTcs YpOBHSI MHTE@HCHBHOCTH B LieHTpajb-
HOM IIMKe, TO OH NPHMePHO OJMHAKOBBIM [JIs
ONHOPOJHOM IONSIPHU3aLIMU U B 3,5 pa3a bosblile As
PaAraNbHOM MONSPHU3ALIHH.

CTOUT OTMETHUTB, UTO MHTEHCHUBHOCTD B O/IFKHEH
30He, IoJIlydyeHHass Ha ocHoBe FDTD-meToda cormia-
CyeTcsl C pe3y/lbTaTaMH eOMeTPOOITHYEeCKOrO IO/~
X0fa U pe3ynbTaTaMU HAaTypPHOIO SKCIIepUMeEHTA
[34] c TOUHOCTBIO 0 OOPATHMOCTH XOfa JIyUeH.

Paccmotpum 6osee 1oApobHO HerCTBUS GUKOHU-
YeCKOro aKCHMKOHa Ha [ayccoB My4oK C HEOZHOPO.-

-

would be most convenient to use such instruments
that are applied as a sensor: availability or absence
of a signal (intensity) in a certain detection area.
It is proposed to use a biconical axicon as such
a sensor [34].

2.2. ACTION OF THE BICONICAL AXICON

Let us consider a biconical axicon as a refractive
optical element for detection of an azimuthal and
radially polarized beam. For this purpose, we will
compare the action of a biconical axicon when radia-
tion with various polarization types is incident on
it. Table 3 shows the field diffraction calculation
results at the output after passing through the opti-
cal element. The transverse intensity distribution
shows that the total energy is distributed over the
rings. It should be noted that in the case of azi-
muthal polarization there is no central peak com-
pared to the x-polarization, circular and radial ones
that is an immediate sign for determining this type
of polarization. In addition, it is possible to distin-
guish radial polarization from homogeneous one
(linear and circular) by the actual energy absence
on the ring, the radius of which corresponds to the
“crater” of the biconical axicon. As for the intensity
level in the central peak, it is approximately the
same for homogenous polarization, and 3.5 times
higher for radial polarization.

Ta6bnuua 4. NMonepeyHoe ceveHre Ha BbIXOAE NOC/1e BUKOHUYECKNI aKCMKOHA KOMMOHEHT BEKTOPA 3/1eKTPUYECKOTO
nons Npu OCBeLLeHMM 31eMeHTa FayCCoBbIM MYy4KOM C paamanbHOM 1 a3uMyTanbHOM Nosispusaumen

Table 4. Cross section at the output after the biconical axicon of the electric field vector component when the element is
illuminated by the Gaussian beam with radial and azimuthal polarization

Ig

X Ey

NHTEHCMBHOCTbL
Intensity

NHTEHCMBHOCTbL
Intensity

PaananbHas nonsipusaumns
Radial polarization

E E

z

VIHTE@HCUBHOCTb
Intensity

NHTEHCMBHOCTbL
Intensity

A3VMyTanbHasg nonspmusaums
Azimuthal polarization
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HOM Ionsipusanuen (cMm. Tabn. 4). Ha ocHoBe maH-
HBIX 0 KOMIIOHEeHTaX BeKTOPa 3/IeKTPHUECKOTO I1071s
OIS PafiuajJbHOM IOSPHU3alMU (BepXHSS CTPOKa
Tab. 4) MOKHO CHeNaTh BBIBOZ, UTO BUXpeBas pasa
OTCYTCTBYeT BO BCeX KOMIIOHEHTaX, a pacIlpefene-
HHe MHTeHCHBHOCTH B X U y KOMIIOHEHTaxX IIpel-
CTaBsieT cobor He3aMKHYThIe KO/Iblia, IOBEPHYThIE
IPYyT OTHOCHTE/IbHO Apyra Ha 90 rpaaycos. MHTeH-
CHBHOCTb Z-KOMIIOHE@HTBI IIPAaKTUYeCKH I10JIHOCTHIO
COOTBETCTBYeT IIOJIHOM HHTEHCHBHOCTH H IIpej-
cTaBisieT co60M SPKO BBIPasKeHHBIM LI@€HTPAJIBHBIN
UK.

YTO KacaeTcsl a3sMMYTa/lbHOM IIOJSIPHU3alLlMH, Ha
OCHOBe IIOy4YeHHBIX MAHHBIX (HHKHSISI CTPOKa
Tabn. 4) BUJHO, UTO paclpe/leleHHe UHTeHCHBHO-
CTH B X U y KOMIIOHEeHTaX TakKe IpefiCTaBsIeT Cob0M
He3aMKHYThle KOJbLIA C TOYHOCTBIO A0 yIJa II0BO-
pora. CyMMa HHTEHCHBHOCTEH B X-KOMIIOHEHTe
U Y-KOMIIOHEHTe COOTBeTCTBYeT I10JIHOM HHTeHCHB-
HOCTU U IIpeJCTaBisieT CoOOM KOHIIeHTpHUUecKHue
KojibLa. OTMeTHM, YTO IIPOJOJIbHAsg KOMIIOHeHTa
HMeeT CJIOKHYIO CTPYKTYPy B BHE BOCbMH SPKHX
TOYeK, PaCIOJIOKEHHBIX 10 KOJIbIY, LleHTPalbHBIM
IIHMK OTCYTCTBYeT.

TaxkKke CTOMT OTMETHUTb, YTO CHMMeTpPHUS pacIpe-
JleJleHH s IIOIIepeUHbIX KOMIIOHEHT 3JIeKTPHUYeCKOro
mosist B Taba. 4 COOTBETCTBYIOT aHAJIOTMYHBIM pac-
npeseeHUsIM B Tabin. 1, 4TO MOATBEPXOAIOT Teo-
peThuveckye BBIKIAAKHA O CeeKTUBHOM [eHCTBHU
OMKOHUYECKOT0 aKCMKOHA K PafiHAIBHON U a3UMY-
TQJIBHOM IIOJISPU3aLUHU.

TakuMm 06pa3om, B UHMCIeHHOM MOJeIHPOBAHUU
[I0Ka3aHO, YTO HAa OCHOBE HCII0/Ib30BaHMUS OUKOHU-
YeCKOr0 aKCHMKOHA MOXKHO IIPOBeCTH pacllo3HaBa-
HHe asMMyTaJbHOM U PaJHaJIBPHOH IIOJSIPU3ALIUHU
IIy4Ka TOJBKO IIO pacHpele/leHHI0 MHTeHCHBHOCTHU
B OJHOM IIJIOCKOCTH.

Kpurtepuem [Ias pafua’dbHON IONSPH3aLHU
BBICTYIIAeT JeTeKTHUPOBAHHE SPKOTO KOPPesSlHOH-
HOTO IIHKa B LleHTpe (pHc. 2a) U GaKTHUeCKH OTCYT-
CTBHE MHTEHCHUBHOCTH Ha KOJbLie, PaJlHyC KOTOPOIrO
COOTBETCTBYET ‘Kepiy» GHKOHHYECKOTO aKCHKOHA.
I a3sMMyTaabHO IIONSIPU3aLlMU KPUTepHUeM SBJIS-
eTCs OTCYTCTBHE LIeHTPa/IbHOIO KOPPeISILMOHHOIO
nuka (puc. 2b).

3AKJ/TIOYEHUE

B manHOU paboTe MIpoBeleHO HCCIeLOBAHHe IeMu-
CcTBUSL OHMKOHHMYECKMM aKCHKOHA IIpH OCBelle-
HUH ero M3jJydyeHUeM C Pa3JIHYHBIM COCTOSIHHUEM
MOoNSpHU3allMd Ha OCHOBE MeTOoAa KOHEYHBIX pa3-
HOCTE BO BpPeMEHHON 00671acTH. AHaIHUTHYECKH
U 4YHCJIEHHO MOKAa3aHO CeJeKTHUBHOe AeHCTBHE pac-
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Puc. 2. Monepe4Hoe ceveHue 8 npoexuuu OX (y=0) uHmeH-
cusHocmu E Ha 8bixode nocie 6uUKoHU4ecKul akcUKOHa npu
0C8elLeHUU 3AenMeHma ayccosbim ny4Kom: a) ¢ paduanbHoll
noaspusauueti; b) asumymanbHoli noaspu3sauued
Fig. 2. Cross section in the plane OX (y=0) of the intensity E
at the output after the biconical axicon when the element is
illuminated with the Gaussian beam: a) with radial polariza-
tion; b) with azimuthal polarization

It should be noted that the intensity in the near
field obtained by the FDTD method coordinates
with the results of geometric-optical approach and
the results of a full-scale experiment [34] up to the
reversibility of the beam path.

Let us consider in more detail the influence of
a biconical axicon on the Gaussian beam with inho-
mogeneous polarization (see Table 4). Based on the
data on the electric field vector components for
radial polarization (top line in Table 4), it can be
concluded that the vortex phase is absent in all
components, and the intensity distribution in the
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CMaTpPUBAaeMOI0 OITHUYECKOTO 3JeMeHTa II0 OTHO-
IIeHHI0 K ABYM THUIIAaM LMIHMHAPUYECKOH IOJSIpHU-
3anuu (paguanbHOM M a3MMYyTalbHOM). [IoKa3aHa
BO3MOXHOCTh HCIIONB30BaHHS OHKOHHUYECKOTO
aKCMKOHAa B KayeCTBe IIOSPH3aLMOHHOTO aHaJIH-
3aTopa, a HMMeHHO OaT4YHKa/LeTeKTopa pagHaib-
HOM M a3UMYTaJbHOM IIOSPHU3ALUU I10 HATUIUIO
WM OTCYTCTBUIO LIeHTPa/JIbHOIO IIMKA MHTEHCHUBHO-
CTU. JlTaHHBIN $aKTOP SBISETCS JIETKO U3MepsieMbIM
1 UHQPOPMATHUBHBIM.

ITony4yeHHBbIe pPe3yJIbTaThl OTKPHIBAIOT HOBBIE BO3-
MOYKHOCTH [IJI1 Pa3BHUTHSI TeXHOJIOIHH, CBSI3aHHBIX
C JIa3epaMHU U ONTHKOM, a TAak’Ke MOTYT HaNTH IIPHU-
MeHeHHMe B Pa3JIMYHBIX OTPAC/ISX HAYKH U TeXHUKHU,
TaKUX KaK MeJUIIMHA, KOCMHUYeCKHe HUCCIe0OBaHHUS,
HaHOTeXHOJIOTHUH M Apyrue. IlpeanonaraeTcs, 4To
pe3yabTaThl JAHHOM PaboThl MOTYT OBITH HCIIO/NB30-
BaHBl ISl YIy4lleHHs] [IPOU3BOAUTENIBHOCTH OIITH-
YeCKUX CHCTeM Ilepefladd JAHHBIX, a TakoKe /s
CO3IaHUS HOBBIX MeTOJ0B 00paboTKU HHPOPMaALIUU
M ONTHYeCKOro pacIio3HaBaHMSA. B manpHerIIeM
ITAaHUPYeTCs NpoBefieHHe 6ojee MOAPOOHBIX HCCTIe-
OOBAHMM, HAIpaBleHHBIX Ha pacUIMpeHHe BO3-
MOKHOCTeH pedpaKIIMOHHOro 6MaKCUKOHA M yIyd-
IleHHe TOYHOCTH PpACIO3HAaBaHHUS Pa3IHUUYHBIX
COCTOSTHUI IOJISIPU3ALIUK ONITHYECKUX IIyUKOB.

BNArOAAPHOCTU

Pabora BhInoMHeHa B paMmKax CY HHP «HcciemoBa-
HUs B HMHTepecax CO3JaHHUd MHOILOQYHKIMOHAJIb-
HOTO aHaJIOroBOro (GOTOHHOIO BBIYMCIMUTEILHOTO
YCTPOICTBa Ha OCHOBe cxeMbl Pypre-KoppensiTopa
Y1 JUHAMUYECKUX ITPOCTPAHCTBEHHBIX MOIY/ISATOPOB
cBeTa» POJLI-BHUND® (B 0630pHOI YacTH), 3a CUeT
CpeACTB HPOrpaMMBbl CTPAaTeIHYeCKOro akaJemMuye-
cKoro nupepcrBa «Ilpuoputer 2030» (B 4acTH YHC-
JIEHHOT0 MOJe/lHPOBaHM), a TakKke B PaMKax rocy-
JapcTBeHHOro 3amaHusa QHHUIL «Kpucraytorpadpus
1 poToHHKa» PAH (B TeopeTHUeCKOH YaCTH).
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x and y components is represented by the open
rings rotated by 90 degrees relative to each other.
The z-component intensity almost completely cor-
responds to the total intensity and is a significant
central peak.

As for the azimuthal polarization, it can be seen
on the basis of the obtained data (bottom line in
Table 4) that the intensity distribution in the x and
y components also represents the open rings up to
the angle of rotation. The sum of intensities in the
X-component and the Y-component corresponds to
the total intensity and is shown by the concentric
rings. It should be noted that the longitudinal com-
ponent has a comprehensive structure in the form of
eight bright dots located along the ring; there is no
central peak.

It is also worth noting that the distribution sym-
metry of the transverse electric field components in
Table 4 correspond to the similar distributions in
Table 1 while confirming the theoretical assump-
tions about the selective effect of biconical axicon
on radial and azimuthal polarization.

Thus, the numerical simulation shows that, based
on the use of a biconical axicon, it is possible to rec-
ognize the azimuthal and radial beam polarization
only from the intensity distribution in one plane.

The criterion for radial polarization is detection
of a bright correlation peak in the center (Fig. 2a)
and, in fact, the absence of intensity on the ring,
the radius of which corresponds to the “crater” of
the biconical axicon. For the azimuthal polarization,
the criterion is absence of a central correlation peak
(Fig. 2b).

CONCLUSION
In this paper, we study the action of a biconical
axicon when it is illuminated by radiation with
various polarization states based on the finite dif-
ference method in the time domain. The selective
action of the considered optical element in relation
to two types of cylindrical polarization (radial and
azimuthal) is shown on an analytical and numeri-
cal level. Possible application of a biconical axicon
as a polarization analyzer, namely, a radial and azi-
muthal polarization sensor/detector by availability
or absence of a central intensity peak, is shown.
This factor is easily measurable and informative.
The results obtained open up new opportunities
for the development of technologies related to the
lasers and optics, and can also be used in various
branches of science and technology, such as medi-
cine, space research, nanotechnology, etc. It is
assumed that the results of this paper can be used
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