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CBeTOBble NO/1S CO CNMpaJibHbIMU ¢pa30BbIMU
dpoHTaMun, unu Ga3oBbIMU CUHTYNSAPHOCTSAMMU,
COCTaBASAOT NpeaMeT U3yYeHUSs CUHTYSIpHOM
onTuKuU. HaunHasga c 90-x ropos XX BeKka, B 3TOMn
0671aCcTV AOCTUTHYT 3HAYUTENIbHbIN Nporpecc
KaK B N/laHe TEOpPeTUYECKOro KOHCTPyUpoBaHus
BMXPEBbIX CBETOBbIX MNOJIEN, MHTEHCUBHOCTb
KOTOPbIX He U3MeHsIeT cBOIO popmy npu
pacnpocTpaHeHUU, Tak U B MeToAaX UX ONTUYECKOM
peanusauuun. B HacTosee BpeMs BUXpeBble
cBeToBble nonas, 6naropaps HaAMuno GpasosBbIxX
CUHTYyNSapHOCTEN U pa3Hoo6pasuio ¢popm
pacnpepeneHUss UHTEHCUBHOCTU, UCMOJIb3YIOTCS
Ansa 6eCKOHTAaKTHOro MaHUNyANpPOBaHUS
MUKpPOO6bEeKTaMu B 6MONOrNnN U 3N1EeKTPOHUKe.

CMMPAJIbHDbIE NMYYKWU CBETA

CUHIyIApHAass OITHKA, HAYaBIIAsSCS C 3IIH30-
OUYecKUX Nyb6IuUKaLUKA B 70-e ToAbl IIPOLIJIOTO
BeKa U IPONJS MepUof, CTaHOBIeHUS B 80-e roabl,
K HACTOAIleMY BPeMeHHU II0JIHOCTbIO 0HOpPMHIIACH
KaK CaMOCTOosaTeabHas 00/1acTh ONTUKH, 3aHHMa-
IOIAsICd TeOPeTHYeCKHUM M 3KCIIepUMeHTaIbHBIM
KMCCIeJOBAHHEM CBETOBBIX I10JIeH C Ga30BEIMU CUH-
TyJISPHOCTSIMHU. M3ydeHHe TaKHUX IIOJIeH IIPU pac-
IIPOCTPAaHEHUHU B PA3/IHYHBIX Cperax, CIocoboB
UX Ipeobpa3oBaHUSs, BO3MOKHOCTeH GOpPMHPOBa-
HUS CUHTYISPHBIX CBETOBBIX IIOJI€H C allpHOPHO
3aJlaHHBIMU CBOMCTBAaMHM, a TakKe IPUKIATHBIE
aCmeKkThl, CBSI3aHHBIE, HAIIpHUMep, C KOHCTPYHPO-
BaHHeM NJHUPPaKLMOHHBIX OIITUYECKUX 3JIeMEeHTOB
(103), uMeroT 6oJblIOe 3HAYeHHe KaK B Hay4YHOM
IIJlaHe, TaK U B IIJIaHe IPUMeHeHUSI B COBpeMeH-
HBIX TeXHOJIOTUSIX. HOBBIM UMITY/JIbC Pa3BUTHS 3TO
HaIlpaBJeHHe ONTHKHU IIOJYYHIIO IIoC/Te OoOHapy-
SKeHH s B3aHMOCBA3H MEXKAY YIIOBHIM MOMEHTOM
CBETOBBIX IIOJIeM M HalHW4yMeM y HHUX (a30BBIX
CUHTYISPHOCTEH.

Bonpuias 4acTh paboT IO CHHIYISIPHON OITHKe
BelleTCsl B IIapaKCHaJIbHOM NPHUOIHIKEHHUM, KOTO-
poe IIHMPOKO MCIIONb3yeTCSI B COBPeMEHHBIX
HCC/IeJOBAHUAX, IIOCKOJNBKY SBJISETCS XOPOIUeH

122 ®OTOHUKA N21/55/2016

CECEEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e
m ONTUYECKME YCTPOUCTBA U CUCTEMbI I
CECEEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e

THE LIGHT
MAINTAINING ITS SHAPE

E.V.Razueva, P.N.Lebedev
Physical Institute of the Russian Academy of Sciences, Samara,
dev@fian.smr.ru

The light fields with spiral phase fronts or phase
singularities compose the subject matter of singular optics.
Starting from the 90" of the 20t century, the significant
progress has been achieved in this area in terms of
theoretical design of vortex light fields, intensity of which
does not change its shape during the propagation, and

in terms of the methods of their optical implementation.
At the present time, the vortex light fields are used for
contactless manipulation of microscopic objects in biology
and electronics due to the presence of phase singularities
and variety of the forms of intensity distribution.

SPIRAL LIGHT BEAMS

The singular optics started from the occasional
publications in the 70 of the last century and
underwent the period of establishment in the 80" of the
last century; at the present time the singular optics has
become independent area of optics, which is involved in
the theoretical and experimental studies of light fields
with phase singularities. Study of such fields during
the propagation in various media and methods of their
transformation, capabilities of the formation of singular
light fields with initially set properties and applied
aspects connected with the design of diffraction optical
elements (DOE), for instance, are very important in
terms of science and application in modern technologies.
The new pulse in the development of this area of optics
was obtained after the discovery of interconnection
between the angular momentum of light fields and
presence of phase singularities in them.

Majority of works in singular optics is performed
in the paraxial approximation, which is widely used
in modern research because it is good model for the
description of laser radiation. With the development of
coherent optics the experimental and theoretical papers
showing that the laser can radiate the light beams,
which are self-consistent in such manner that they
maintain their structure during the propagation and
focusing with the accuracy up to scale, have occurred.
Such beams refer to the modes of laser cavities; they have
strictly set shape and are described with two families of
special functions with the various types of symmetry:
Hermite-Caussian and Laguerre-Gaussian beams (see
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Puc.1. iimeHcusHocmb u ¢paza nyukos Spmuma-raycca HG, 5 u Jlazeppa-raycca LG, a makoke onmuveckas cxema (Modosbili
KOHeepmep), npeobpasytowas ny4ku Spmuma-raycca 8 nyuxu Jlazeppa-raycca

Fig.1. Intensity and phase of Hermite-Gaussian mode HG,, ; and Laguerre-Gaussian mode LGs,, and an optical scheme known as
the mode converter transforming Hermite-Gaussian modes into Laguerre-Gaussian modes
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MOJe/IbI0 O/ OIMCAHUS JIa3€PHOr0 H3Iy4YeHHS.
C pa3sBUTHeM KOTePeHTHOM ONTHKH IIOSBUJIKCD
3KCIIePUMEHTAJIbHble U TeopeTHuUecKHe PaboThl,
[I0KAa3bIBAOINHME, YTO JIa3ep MOXKeT H3JIy4yaTh CBe-
TOBBIE IIYYKH, KOTOPhIe CAMOCOIIaCOBAHHBI TAKUM
obpasoM, UTO COXPaHSIOT CBOIO CTPYKTYpPy IIpHU
pacopocTpaHeHHH U QOKYCHPOBKE C TOYHOCTHIO
no macmrTaba. Takue IYYKH SIBISIIOTCS MOJAMH
JIa3epHBIX PE30HATOPOB, HMEIOT >KeCTKO 3aJaH-
HYI0 $OpMy M OMHCBIBAIOTCS ABYMS CeMeKCTBAMU
CrelMaJbHBIX QYHKLHUK C Pa3sAUYHBIMH TUIAMU
CHUMMETPHUHU: IYYKKM IpMuTa-Taycca U Jlareppa-
lFaycca (puc.l). IIpocTeHMmHUM IpeACTaBHUTeleM
060MX CeMeNCTB SIBASEeTCS ayCCoB IIy4YOK, IT103-
TOMY IIy4YKH, IIOCTPOEHHBIE Ha €ro OCHOBe, YacCTo

Fig. 1). The simplest representative of both families
includes Gaussian beam, and therefore the beams
constructed on its basis are commonly called generalized
Gaussian beams. When propagating in free space and
focusing such beams, only dimensions of transverse
distribution of intensity vary, and the intensity form
remains constant. The set of spherical and cylindrical
lenses with the specifically selected focal distances
(mode convertor) allows transforming Hermite-Caussian
beams into Laguerre-Gaussian beams [1].

The scientists managed to expand the family of
considered beams significantly when they thought
about the construction of such light fields, the intensity
distribution of which will not only vary in the scale but it
will turn too. The image shape in transverse plane will be
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Ha3bIBalOT 0606IeHHBIMH TayCCOBBIMU IYUYKaMH.
[Ipy pacnpocTpaHeHHHU B CBOOOJHOM IIPOCTpPaH-
CcTBe U QOKYCHPOBKe TaKHUX IYUKOB H3MEHSIOTCA
TOJIBKO pa3Mephbl IONePedYHOro pacHpefeneHUs
MHTEHCHBHOCTH, a GOopMa HHTEHCHBHOCTH OCTa-
eTCsl IOCTOSSHHOK. Habop chepuuecKUX U LIUIHH-
OpHUYeCKUX JIMH3 CO CIellHasbHO MoA0OpaHHBIMU
GOKYCHBIMU PACCTOSHUSIMHU (MOLOBBI KOHBEPTOP)
03BoJIsIeT mpeobpasoBaTh MyukH DpMHUTa-Taycca
B nyuKu Jlareppa-Taycca [1].

3HAYMTe/NIbHO PAaCIIMPHUThL CeMEMCTBO paccMa-
TPUBaeMBIX IIYUYKOB yAaj0Ch, KOIAa 3aAyMasHCh
0 MOCTPOEHUU TAKHUX CBETOBBIX IIOJIEH, pacIpeje-
JTeHUue UHTEeHCUBHOCTHU KOTOPHIX OyZeT He TOJBKO
HM3MeHSITbCS B MacliTabe, HO M IOBOPAauHBAThCS.
®opma wu306paskeHHUs B IONEPEYHOM IJIOCKO-
CTH IPHU 3TOM IIO-TIpeskHeMy OyeT COXPaHSIThCA.
Takue Ioass Ha3bIBAIOT "BpallalomUMHUCSA" HIH
‘ciupanbHeIMU". Ha3BaHHe 'cIIMpajibHBle IMY4YKHU
cBeTa" MOAYEpPKUBAeT CIHpaleBUAHBIN XapaKTep
M3MeHeHHUs] CBETOBOTO IO IIPU PacIpocTpaHe-
HHUU B CBOOOJHOM IIPOCTPaHCTBe.

[lepBble omy6iMKOBaHHBIE PaboTHl IO Bpala-
IOIIMMCS CBETOBBIM IIOJISIM OTHOCATCA K 1993 roxy.
B pabote [2] mpobnema cymecTBOBaHMUS Bpalla-
IOIIKMXCSL II0JIeH TeOopeTHYeCKM HCCle0BaHa
B 06mIer IOCTaHOBKe: OBIIIM IOJyUeHBl CBOMCTBA
CIIMPA/IbHBIX IYYKOB, XapaKTepH3yIollHe HUX pac-
npocTpaHeHHe (MacmTab, CKOPOCTh IIOBOPOTA,
dasoBoe cMellleHHe), U HaHIeHO pa3iokeHHe KOM-
IIJIEKCHOM aMIUIMTYAbl TaKUX IIYYKOB II0 MOAAM
Jlareppa-Taycca. B mocneaymomiue roabl paspa-
00TKa TeOpHH BpallalOUIMXCS CBETOBBIX II0JIeH
npojoskaaack. Kpome Toro, 6plM IpeosKeHBI
Pas3IMYHBIe BAPHAHTHI OIITHUYECKUX CXeM IS 9KC-
IepUMEeHTA/JIPHON peaqn3alUdld BPAN[AOMINXCS
cBeTOBBIX mojen [3]. CiemyeT Takske OTMETHTh
paboTnl [4-6], B KOTOPBIX pacCMaTPHUBAIMUCh pas-
JTUYHBIe BOIIPOCHI, CBSI3aHHBbIE C BpallleHHeM CBe-
TOBBIX IIOJIel (IepeTeKaHHe 3HEPrUH, OpOUTasb-
HBIH yIJIOBOM MOMEHT).

NMAPAMETPbI PACINTPOCTPAHEHUA

N PASHOOBPA3UNE ®OPM CIMUPAJIbHbIX
NMny4ykos

Moger Jlareppa-Taycca MOXKHO HMCIIO/JIb30BaTh KakK
6a3uc i pas3sosKeHUs IIPOU3BOIBHBIX IAPAKCH-
AJIPHBIX CBETOBBIX IIYUKOB C KOHEYHOMN 3HepPrHeH.
B ¢opMHpOBaHHUM CIHPAJbHBIX IIYyUYKOB Yyua-
CTBYIOT TOJIBKO T€ MOJBI, HHIEKChl KOTOPBIX YI0B-
JIeTBOPSIIOT YCJIOBHIO

2n+|m|+v,m=const.
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maintained as before. Such fields are called "rotating" or
spiral” fields. The title "spiral light beams’ emphasizes on
the spiral character of variation of light field during the
propagation in free space.

The first papers on rotating light fields were published
in 1993. In the paper [2] the issue of existence of rotating
fields was theoretically studied in general formulation:
the properties of spiral beams characterizing their
propagation (scale, rotation speed, phase displacement)
were obtained, and the expansion of complex amplitude
of such beams by Laguerre-CGaussian modes was found.
In the following years, the development of the theory
of rotating light fields was continued. In addition, the
different variants of optical circuits for experimental
implementation of rotating light fields were suggested
(see review [3]). Also, the papers [4—6] should be noted
because they considered different issues connected with
the rotation of light fields (energy flow, orbital angular
momentum).

PROPAGATION PARAMETERS AND SHAPE
VARIETY OF SPIRAL BEAMS
Laguerre-Gaussian modes can be used as the basis for
the expansion of arbitrary paraxial light beams with
final energy. Only those modes, indexes of which meet
the following condition, participate in the formation of
spiral beams

2n + |m| + vom = const.

Here v, is the parameter which defines the rotation
speed of beam intensity distribution:

v (2) = v, arctg (z/zg),

where z is Rayleigh length. The full rotation angle of
beam intensity distribution upon the evolution in free
space from waist plane to Fourier plane

V (+00) = v (0) = v /2.

If v, = 0, then upon beam propagation the intensity
distribution does not turn. Laguerre-Gaussian and
Hermite-Caussian modes refer to the instances of such
fields.

One of the most interesting cases is the selection
v, = *1 because it combines the simplicity of theoretical
concept and enhanced variety of the capabilities for spiral
beams construction. In particular, such option can be
selected that the intensity of spiral beam will have the
form of some initially set plane curve. The intensity of
spiral beam in the form of square boundary is shown in
Fig. 2. During the propagation of such beam its intensity
rotates by m/2 radians.
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3mech vy - IapaMeTp, KOTOPBIH oIlpefessieT CKO-
POCTb MOBOPOTA paclpefeseHHs HHTeHCUBHOCTHU
myd4Ka:

v (z) =v,arctg (z/zy),

rge zz - AAUHA Paest. IIOJHBIN yrosl IIOBOPOTa
pacmpefieieHHs] HHTEHCHUBHOCTH Iy4YKa IIPU 3BO-
JTIOLUU B CBOOOJHOM IIPOCTPAHCTBE OT MJIOCKOCTH
IepPeTSIKKH 10 IIJI0CKOCTH Pypbe cocTaBasieT

V(+00) —v(0) =1v,/2.

Ecniu vy=0, TO OpU pacHpocTpaHeHUH IydKa
pacmpesieleHHe MHTE@HCHBHOCTH He ITOBOpauHMBa-
ercqd. YacTHBIMH C/Iy4dasMH TaKHX IIOJIeH SIBJIS-
I0TCs Monbl Jlareppa-Taycca u OpmuTa-Taycca.

OmHuM u3 Haubojlee HHTepPeCHBIX C/IydaeB
SBJISIeTCST BBIOOP V,=+1, IIOCKOABKY OH COYeTaeT
B cebe IPOCTOTy TeopeTHYeCKOTo IpeJjcTaBie-
HHUS U 6oratoe pasHoob6pas3re BO3MOKHOCTEH /IS
IIOCTPOEHU S CIHMPAJbHBIX IIyYKOB. B YacTHOCTH,
MOXXHO BbIOpaTh TaKOM BAapHUAHT, YTO HHTEHCHB-
HOCTb CIIMPAJIPHOTO IIy4YKa OymeT UMeTb BUJ HEKO-
TOPOM aIPHOPHO 3aJaHHOM IIJIOCKOM KPHUBOH.
Ha puc.2 noxkasaHa MHTEHCHUBHOCTb CIIMPAJIbHOIO
nydyka B dopMe IpaHMIB KBajpara. IIpu pac-
IIPOCTPAaHEHUHU TAKOTO IIy4YKa eTo UHTeHCUBHOCTD
[I0BOPAaYMBaETCS HA T1/2 pafHaH.

METOADbI
SKCNEPUMEHTA/IbHOW PEAJTIU3ALUN
CMMUPANIbHBIX MYYKOB
CrnypasbHble IYYKH OBIIM pean30BaHBI IKCIIEPH-
MeHTaJIbHO HeCKOJIBKUMHU cIIocobaMu. Bo-mepBhIX,
HeIloCPeACTBeHHO C IIOMOILIbI0 aMIIIMTYLHO-$a30-
BBIX MacoK. [Ipyroi, MeHee OYeBHUAHBIK METOZ,
CHHTe3a TaKHUX IIYUKoB [3], ocHoBaH Ha o06obmie-
HHUKU InpeobpasoBaHHs Iy4KoB IDpmMmuTa-laycca
B nydku Jlareppa-Taycca U CBOOMUTCS K CHHTe3y
ONHOMEPHOIO II0 CTPYyKType mmous ('IITPUXKOA'),
KoTopoe Ipeobpa3yeTcs B ONTHYECKOHN CHCTEMe,
IOKa3aHHOM Ha pucC.3, 4.

9THU My4YKH OKa3a/IHUCh IIOJIe3HBI AJISI CO30aHUS
BBICOKO3)PEeKTUBHBIX AHUPPAKIHOHHBIX ($a30BHIX
3JIeMEeHTOB, II03BOJISIOIIUX IIOJYYUTh B IIJIOCKO-
CTU QOKYCHPOBKH pacmpejeleHHe MHTEHCUBHO-
CTHU B BUJe allPUOPHO 3aJaHHOU IIJIOCKOM KPHBOU
(puc.5). Ha ocHOBe TeOpPHUHU CIUPATbHBIX IIYUKOB
MOTYT OBITH IIOCTPOeHBI Qa30Bble 3eMeHTHl IJIs
$OKYyCHPOBKH JIa3epHOTO H3JIY4YeHHSI C BBICOKOH
3bberTUBHOCTRIO (pa3paboTaH YHCIEHHBIH ajaro-
puTM). COopMHUPOBAHHBIE TaKHUM obpa3oM mois

=

METHODS OF EXPERIMENTAL
IMPLEMENTATION OF SPIRAL BEAMS

The spiral beams were implemented experimentally by
several methods. First of all, with the direct assistance
of amplitude-phase masks. The other, less obvious
method of synthesis of such beams [3] is based on the
generalization of transformation of Hermite-CGaussian
beams and consists in the synthesis of the field which is
one-dimensional by the structure (bar code), and which
is transformed in the optical system shown in Fig. 3,
4.

These beams turned out to be useful for the creation of
high-efficiency diffraction phase elements, which allow
obtaining the intensity distribution in focusing plane in
the form of initially set plane curve (see Fig. 5). The phase
elements of laser radiation focusing with high efficiency
can be constructed on the basis of the theory of spiral
beams (the numerical algorithm has been developed).

0,5

0 1 1 1 1 1 1
0 1 2 4 6 8 10

Puc.2. S80nt0uus pacnpedeneHus UHMeEHCUBHOCMU Cnupanb-
H020 ny4Ka 8 c60600HOM NPOCMPAHCMae Npu pacnpocmpaxe-
HUU ny4Ka 8 30He dpeHensi

Fig.2. Evolution of transverse intensity distribution of a

spiral beam shaped like a square boundary during the beam
propagation in the Fresnel diffraction zone
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TaK>Xe SBJIAKTCSA BUXPEBBIMU H 06)1&1,ZL3IOT yTI10-
BbIM MOMEHTOM.

OMTUYECKUN NUHLET

Hanuuue yrjaoBoro MOMeHTa Yy CIHpPaabHBIX
IIy4KOB IIPefoCTaB/lseT BO3MOXHOCTb CO3Ja-
HUSL B 007acTU (QOKYCHPOBKH 3aZaHHBIX pac-
npefeleHUN HHTEHCUBHOCTH M OpbHTanbHOrO
yraoBoro MomeHTa (OYM), 4YTO IpeAcCTaBisieT
yOOOHBIM HHCTPYMEHT A1 6@CKOHTAKTHOTO MaHHU-
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The fields, which were formed in such manner, are also
vertical and have angular momentum.

OPTICAL TWEEZERS

The availability of angular momentum in spiral
beams grants opportunity to create the set intensity
distributions and orbital angular momentum (OAM) in
focusing area, and this fact provides the convenient tool
for contactless manipulations of microscopic objects in
electronics and microbiology.

SKpaH
Screen

LUwnnnHapuyeckne
JINH3bI
Cylindrical

lenses OfHOMEpPHbIN
ONTUYECKNI 3NeMEHT

Optical element

pacnpocmpaxeHuu

Puc.3. Onmuyeckas cxema cuHmMe3a cNUpPanbHbIX NY4KO8 NOCPedCMaom 0OHOMEPHbIX N0 CMPYKMYpe onmuyeckux 3AemMeHmos.
B sepxHell yacmu pucyHKa nokazaxna cmpykmypa amnaumyoHo-pa3o08020 3n1eMeHma dAs CNUPAnbHOz0 Ny4YKa 8 popme 2paHuLbl
mpey20AbHUKa. [TonymoHosble U306paxkeHus npedcmasasitom coboli amnaumyoy u ¢pasy pacnpedeneHust; 2paduku coomsem-
cmeytom amnaumyoe u paze 00HOMepHbIX pacnpedeneHull. B HUXKHeU yacmu pucyHKa noKasaHa OUHAMUKA U3MEHeHUs C8emo-
8020 N0Nst MeXy AUH3amu 5,6. 3a AUH30U 6 Ny4oK Gopma pacnpedeneHus UHMeHCUBHOCMU COXpAHsIiemcsl, N08opa4u8asicb npu

Fig. 3. Optical scheme for synthesizing a spiral beam using a one-dimensional optical element. Frames at the top show the
element for a spiral beam shaped like a regular triangle: grayscaled frames present 2D distributions of the beam intensity and
phase, the curves below correspond to their 1D sections. Frames at the bottom demonstrate a light field transformation during
propagation between lenses 5 and 6. At the output of lens 6 the beam keeps its intensity structure and rotates during propagation
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IyJIMPOBAHUSI MHKPOOOBEKTAaMHU B 3JIeKTPOHHKe
1 MUKPOOHOJIIOTUH.

IKCIIePUMEHT, IO3BOIAIIIUN IIPOAeMOHCTPH-
POBaTh BO3MOXKHOCTBH IHepemadyun OYM OT CBeTo-
BOTO IIy4YKa MaTepHaJIbHOMY Tely, ObLI IpOBeeH
B 1995 rogy Ha OCHOBe TaK Ha3bIBAe€MOIO OIITHYE-
CKOro muHIera. OnTHYecKHe IIMHIETHl HCIIOJb-
3YIOT >KeCTKO CQPOKYCHPOBaHHBIE MY4YKH CBeTa
[l 3aXBaTa MUKPOCKOIIMYECKHX YacCTHIl B Tpex
H3MepeHHSIX BHYTPU OKPY>KaIoIler UX KHUAKOCTH.
MaHUDyISOUS MEKPOCKOIIUYEeCKUMH 00beKTaMHU
C IIOMOIIBIO ONTHYECKHUX IIHMHIETOB B HaCTosllee
BpeMs IIpeBpaTHIach B HHIOYCTPHUIO KOMMepye-
CKOr0 IIPOM3BOACTBA MPOCTPAHCTBEHHBIX MOAY-
JISITOPOB CBeTa, KOTOPhIe CIIOCOOHBI TeHEePHPOBATh
ONTUUYeCKHe JIOBYIIKH IPONU3BOJIBHOU GOPMEI.

CriocobHOCTh CIHUPATBHBIX IIYYKOB COXPAHSTH
dopmy pacrpepe/ieHHs UHTEHCHBHOCTH IIPU pac-
[IPOCTPaHeHHH IIy4YyKa OKa3aJach I10JIe3HOM U IIPHU
pellleHUH APYTrUX 3aj4ad. B 2014 rogy HobeneBckas
IpeMHs II0 XUMHUH 6bI7a IpUCYKAeHa D.BeTnury,
III.Xemnio u Y.MepHepy "3a pasBUTHEe MeTOHOB QIIy-
OpeCLleHTHOUM MHMKPOCKOIIMH CBEPXBBICOKOIO Ppas-
pemeHus" [8]. OOMH U3 3THUX METOAOB, KOTOPBIH
[103BOJISIeT IIPeofo0JieTh KIacCH4YeCKUH Audpax-
LHMOHHBIN IIpefiell U OIpeleluTh IPOCTPAHCTBEH-

i g

The experiment, which allows demonstrating the
capability of OAM transmission from light beam to
material body, was carried out in 1995 on the basis of
so-called optical tweezers. Optical tweezers use strictly
focused light beams for the capture of microscopic
particles in three dimensions inside surrounding liquid.
At the present time, manipulation of microscopic objects
by means of optical tweezers has turned into the industry
of commercial production of spatial light modulators,
which are capable to generate the optical traps with
arbitrary shape.

Capability of spiral beams to maintain the form of
intensity distribution during the propagation turned
out to be useful even when solving other tasks. In 2014, E.
Betzig, S. Hell and W. Moerner were awarded the Nobel
Prize in chemistry "for the development of super-resolved
fluorescence microscopy” [8]. One of these methods,
which allows moving beyond the classic diffraction limit
and determining the spatial coordinates of radiators, is
based on the use of spiral beams [9].

THREE-DIMENSIONAL

LOCALIZATION OF RADIATORS

In the tasks of optical microscopy, the light source
includes luminescent molecules, dimensions of which
are much lower than the wavelength. Opportunity to
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Hble KOOPJUHATBI H3JydaTeseH,
OCHOBaH Ha HCIOJb30BAHUU
CIIMPaJIbHBIX IIy4KOB [9].

TPEXMEPHAS
JIOKANN3ALMUA
U3NTYYATEJIEN

B 3aga4dyax OHTI/I‘{eCKOI;I MI/IKPO‘
CKOIIuu HUCTOYHHUKOM cBeTa
ABISAIOTCA JIOMHUHECLeHTHEIe
MOJIEKYJIBI, Ppa3Mepbl  KOTO-

PbIX HaMHOTO MeHbIle [JIHHBI
BOJIHBI. B03MOXHOCTH Habii0-
OeHUS TAaKHX YacCTHI C IIOMO-
mb0 GOKYCHPYOIIEH ONTUKHU
OrpaHHYeHa OUOPAKLHMOHHBIM
IpenejaoM: IMPUMEPHO PaBHBIM
JJIMHE BOJHBI PeTUCTPUPYEMOTO
n306paskeHUsI. AINPOKCHMA-
LIMS1 3aPeTUCTPHUPOBAHHOIO H30-
OpaskeHHS TayCCOBBIM IIyYKOM
II03BOJIeT IIOJIYYUTh TOJIBKO
IIomepeyHble KOOPIAHHATHI
TOYEeYHOTO0 MCTOYHHKA, TPeThbs
KoopauHaTa - rinybuHa 3ane-
raHUus HMCTOYHHKA B IIJIeHKe -
ocTaeTcCs HeH3BEeCTHOH.
Kpome Toro, eciu mjaeHKa 4OoCTa-
TOYHO TOJICTAasl, TO Ha [eTekK-
TOp MoONajaeT pacXOAsUHUCS
CBETOBOM IIY4YOK, M BOCCTAHO-
BUTb KOOPAHUHATHL C IIpHUEM-
7eMOHN TOYHOCTBIO y>XXe HeBO3-
MOXXHO. PemreHue 3TOHM 3aJadyH
6BIJI0 HpeniokeHO KOJJIeKTHU-
BOM COTPYIHHUKOB, B KOTOPBIH
BXOOUT HoOeleBCKUM Jaypear
2014 roma Mepuep. H3nyue-
HHe HCTOYHHKA MOXHO IIpeob-
pa3oBaTh C IOMOILIbIO ($a30BOH
MaCKH B [IBYXJIEIIECTKOBOE M30-
O6paskeHHe,  PpaclpefeleHUe
HHTEHCHBHOCTH KOTOpOTro byneT
[I0BOPAYMBaThCSl B IIOIlePeUHOM
IIJIOCKOCTU TII0 Mepe [IBHKe-
HHUs HCTOYHHKA. Peructpupys
C IIOMOIIBIO ABYMEPHOIO HeTeK-
TOpa 3TH U300paskeHUsI, 110 YTy
IIOBOpPOTa pacopeneneHus
MHTeHCUBHOCTH MOXHO OIIpe-
oenuTh TAybMHY 3ajeraHus
TOYEYHOro UCTOYHHKA B IIJIeHKeE,
[TosgBisieTcst BO3MOKHOCTD OIlpe-
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Puc.4. Ha ocHose meopuu cnupanbHbiX Ny4Kos bbiAu NOCmpoeHbl hasosble 3ne-
MeHMbl 0451 OKYCUPOBKU NAA3EPHO20 U3AYHeHUSs C 8bICOKOU 3P dexmusHoCMbHo.
CoopmuposaHHble makum 06pazom nos makxke s18Asomcs 8uxpesbimu u 06Aa-
darom yanoebim momeHmom. [oKkazaHo pacnpedeneHue UHMeHcUsHoCmu noaed,
CHOPMUPOBAHHBIX C NOMOWLbIO HA308bIX INEMEHIM08, 8 NAOCKOCMU POKYCUPOBKU.
BepxHuti psio = noAsi noAy4eHbl YucAeHHo, mopoll U mpemud — 3KcnepumeHmanbHoO
Fig. 4. Spiral beams theory provides a theoretical base for construction of phase
elements focusing a Gaussian beam irradiation into a predetermined planar curve.
The elements effectiveness is very high. Resulting light fields are vortical ones and
have a nonzero orbital angular momentum. For some planar curves the distribution
of the field intensities in the focal region is shown (top - theory, middle - numerical
simulation, bottom - experiment)

Puc.5. MepemewieHue yacmuy, Aamekca 600Ab 3a0aHHOU Kpuegoll nod delicmauem
Aa3epH020 U3AyYeHUs. Yacmuubl AameKkca MUKpOHHbIX pazmepos (0,46 MKM,

1,2 MKM U 3,2 MKM) 0C8eLaomcs JXeCmko coKycUpOBAHHbIM CNUPAAbHbIM NYYKOM
8 popme cnupanu Apxumeda. B 3asucumMocmu om 3HAKa napamempa epawleHusl
ny4ok paomaem Kak nbiaecoc (cobupaem 4yacmuubl 8 UeHmpe), UAu KaK eeHmuAs-
mop (o4uwas ueHmp)

Fig. 5. Motion of latex microparticles along a predetermined curve by a laser
irradiance illumination. Microparticles with a size of 0.46 mkm, 1.2 mkm and 3.2
mkm (left to right) are illuminated by a strong focused spiral beam shaped like an
Archimedean spiral. Depending on the sign of the rotation parameter of the beam,
its influence on the particles is similar to an action of a vacuum cleaner (particles
are gathered into a central pile) or a fan (particles are thrown away the center)
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IenUTb MPOCTPAHCTBEHHOe II0JI0XKeHHEe MOJIeKYIl
B TOHKOH IIJIeHKe U IOCMOTPeTh CIeKTP Ka’KI0H
13 3TUX MoyeKya (puc.6). Bce 3T0 MOXKHO CHeaTh
C IIOMOIIBI0 CIIUPATBHBIX IIYYKOB, YIOJ IIOBOPOTA
pacmpeneneHHss HHTEHCHBHOCTH KOTOPBIX IIpHU
pacIpocTpaHeHUM Iy4YKa JOCTATOYHO O60JIBIION
(HanmpumMmep, T paguay) [10].

CymecTBOBaHHE CBETOBBIX IIOJIeH, pacIpeje-
JTeHHe MHTeHCHUBHOCTHU KOTOPBIX IIOBOPaYHBaeTCS
Ha yroJi 6oJblIe IIPSIMOTO — CaMo I10 cebe Heo0bBIUHO
(puc.7). IloBOopoT pacIpefeleHUS HHTEHCHBHO-
CTH Ha IPSIMOM Yyroj MBI MoxXeM cebe 0OBSICHHUTB
C IIOMOIIBI0 TeOMEeTPUYeCKON ONTHUKU. Ho MOXKXHO
IIpelCTaBUTh cebe, IO KpaliHeH Mepe C OMOIIbIO
MaTeMaTHKH, IYy4YKH, B KOTOPBIX 3TOT IIOBOPOT
6onpuie, uem /2 (Hampumep, m). TakoH MOBOPOT
HeOOBSICHUM C TOUKH 3PeHHUSI FeoMeTpPHUUYeCKOH
OIITUKHU, OH SBJsieTCs 6oslee CIIOKHBIM U IIPOHCXO-
IOUT 33 CUeT UHTepdepeHI U Olpe/ie/IeHHBIX 0b1a-
CTeH ApYT C APYyrom. ITOT pe3ynbTaT MpeAcTaBiIseT
MHTepec He TOJAbKO C NPUK/IALHOM, HO U C QyHAA-
MeHTaJIbHON TOYKH 3peHH.
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Puc.6. MpuHyunuanbHas cxema onmuyeckol cucmemsl 0As
onpeoeneHust NOAOXKEHUS! UCMOYHUKA. V3nydeHue yacmuubl,
Haxoodsauwelics Ha paccmosiHuu Dz om nosepxHocmu 06pasud,
npeobpasyemcs ¢ NOMoLbto Ga308020 3AeMeHma 6 nose,

no pacnpedeneHur0 UHMEHCUBHOCMU KOMOpo20 MOXXHO
cyoums 0 2AybuHe 3ane2aHus Yacmuubl. Ecau ¢pazosbil Ine-
MEeHM paccHuman Ha 0CHOBE CNUPAAbHBIX NYYKO8, MO CMeLue-
HUe yacmuubl byoem npugodums K N08opomy pacnpeoeneHus
UHMEeHCUBHOCMU NOASl 8 NAOCKOCMU pezucmpauuu

Fig. 6. Optical scheme for a source placement detection. The
phase element transforms the irradiance of a particle into a
fleld, whose intensity is used to find the depth Dz at which
the particle is placed. If the phase element is calculated on

the base of spiral beams theory, then the particle shift will be
registered by the detector as a rotation of the field intensity
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Puc.7. 280at0uus pacnpedeneHus UHMeHCUBHOCMU CNUPAAbHO20 Ny4Ka U Ny4Kd, CGOPMUPOBAHHO20 C NomMoLblo $pa308020 3ne-
MeHma, Npu pacnpocmpaxeHuu 8 30He OpeHenst
Fig. 7. Transformation of intensity distributions of a spiral beam (top) and a Gaussian beam with the spiral beam phase
component (bottom) during propagation in the Fresnel zone
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observe such particles by means of focusing optics is
limited by diffraction limit: approximately 1/2 of the
wavelength of recorded image. Approximations of
recorded image by Gaussian beam allow obtaining
only transverse coordinates of point source, the third
coordinate - depth of source location in film - remains
unknown. In addition, if the film is not sufficiently thick
then the divergent light beam gets on the detector, and
it is impossible to restore coordinates with the acceptable
accuracy. The solution of this task was suggested by
the team of employees which included Moerner, the
Nobel Prize Laureate of 2014. The source radiation can be
transformed by means of phase mask into bidirectional
image, the intensity distribution of which will be rotated
in transverse plane according to the source movement.
Recording these images by means of two-dimensional
detector, the depth of point source location in film can be
determined on the basis of rotation angle. The opportunity
to determine the spatial position of molecules in thin
film and see the spectrum of each molecule occurs (Fig.6).
All these actions can be performed by means of the spiral
beams, the rotation angle of intensity distribution of
which is sufficiently high during the beam propagation
(for example, n radians) [10].

Existence of light fields, the intensity distribution
of which turns by the angle which is higher than right
angle, is unusual by itself (Fig.7). We can explain the
turn of intensity distribution by the right angle with
the help of geometrical optics. But at least using the
mathematics, we can imagine the beams, in which
this turning angle is higher than m/2 (for example, ).
Such turn is unexplainable from the point of view of
geometrical optics; it is more complex and occurs at the
expense of interference of certain regions with each
other. This result is of interest not only from the applied
point of view but also from the fundamental point of
view.



