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MpepcTaBneHbl pesyabTaThl UCCIEA,0BAHUMN

no co3aaHunio $pasosBbix ANPPAKLNOHHBIX
3/1eMeHTOB, POPMUPYIOLLNX CBETOBbIE

nons, B pacnpegeneHnm UHTEHCUBHOCTU
KOTOpbIX HAbnOAaOTCA ABa MABHbIX
MaKkCMMyMa, Bpallatoumecs npu ¢okycmposke
M pacnpocTtpaHeHun. Ux nonyyeHne oCHOBaHO
Ha ONTUKe CNUpaibHbIX NYYKOB cBeTa. Takue
onTUYeckune 3/1IeMeHTbl MOXHO UCNOJIb30BaTb
Aans moandukauum GyHKLMKU paccessHUS TOUKU
onTu4yeckoro ¢payopecL,eHTHOro MMKpockona

C Lesiblo CO3,aHMUS HAHOCKOMNA — YCTPOMCTBA,
Nno3Bo/IAOLEro NPOBOAUTL TPEXMEPHYIO
JIoKaM3aLmio Usnyyaroumx o6bekTos

C HQHOMETPOBOM TOYHOCTbIO.
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BBEAEHWUE

JIIOMUHECLIEHTHass TpexMepHas JI0KaJIU3alHOHHAs
MHKPOCKOITHSI CBEPXBBICOKOTO paspelleHUs - ynob-
HBIF KMHCTPYMEHT MIJIS HCCIeHOBAHUS IIPOLIECCOB
IHUIIONb-AUIIONBHOIO B3aUMOIEHCTBUSI MKy B1H3KO0
PaCIIONIOKEHHBIMU OLHUHOYHBIMHM MoOJeKyIaMu [1];
CTATUCTUKU POTOHOB U3/TyIeHHUS OTAETBHBIX MOJIEKYII
M UX MasIBIX aHcaMmbrert [2]; mporeccoB 6e3bI3nyda-
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This paper summarizes the studies on creation
of the special phase diffraction elements. These
elements can be used for forming the light fields
with two maxima in the intensity distribution
and with the ability to rotate during focusing
and propagation. The diffraction optical
elements are based on the optics of spiral light
beams and can be used to modify the point
spread function of an optical fluorescence
microscope to create a nanoscope, i.e. a device
that allows the three-dimensional localization of
emitting objects with nanometer accuracy
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INTRODUCTION

The super-resolution luminescent three-dimensional
localization microscopy is a convenient tool for
studying the processes of the dipole-dipole interaction
between closely spaced single molecules [1]; of
statistical data accumulation about the radiation
photons of individual molecules and their small
ensembles [2]; as well as for studying of non-radiative
energy transfer processes [3, 4]; surface, near-surface
and interface effects [5]; sensing and mapping of local
fields [6, 7], low-temperature oscillating dynamics
[8]; tracking single emitting nanoparticles in porous
nanomaterials [9] and also for solving many other
problems in the field of biology, medicine, materials
science, spectroscopy of single molecules [10]. The
principle of the method consists in the excitation by
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TeJIPHOTO IIepeHOoCa SHEpruu [3, 4]; MoBepXHOCTHBIX,
NIPUIIOBEPXHOCTHBIX K HHTepdelcHBIX 3ddek-
TOB [5]; 30HIMPOBAaHUSI U KapPTHUPOBAHMS JIOKAJIbHBIX
nonen [6, 7], HU3KOTEeMIIEpaTypHOU KoyebaTelbHOM
OUHAMHUKHU [8]; TPeKHMHIA OAMHOYHBIX H3/TYYaOIIHX
HAHOYACTHL] B IIOPUCTBIX HaHOMaTepHuanax [9] u ns
pellleHHMs] MHOXeCTBA APYTHUX 3aJad B obnactu 6uo-
JOTUH, MeIULIMHBI, MaTepHaloBeleHHUs, CIIeKTPO-
CKOIIMM OAMHOYHBIX MojieKy [10]. IIpuHUIMI paboThl
MeTo/ia 3aK/I0YaeTCsl B BO3OY>KIeHUH BHEITHUM H3ITy-
yeHHeM (IyopeclieHTHBIX MeTOK (MOJIeKys, KBaH-
TOBBIX TOYeK U AP.), HaXOASIIMUXCSL B HCCIelyeMoM
obpasie, cbope HU3/IydeHHUs OT ITUX METOK U I10C/Iemy-
fomelt 0bpaboTke IONMy4eHHBIX H300paskeHUI. Hobe-
JeBcKas mpeMus 2014 roma 110 XMMHH IIPUCYKOEeHA
9.beruury (Eric Betzig), II.Xemny (Stefan W.Hell),
u V.Mépuepy (William E.Moerner) 3a pa3paborky
MeTo[0B (yopeclieHTHOM MHKPOCKOIIMH BBICOKOTO
paspelleHHUs, ITO3BOJIHUBIIEN MOCTUYb pa3pelleHUs
no 1 HM B momepedyHoM HampasneHuu [11,12]. Ins
yBeJIM4UeHHs MPOCTPAaHCTBEHHOIO paspelleHUs ¢iy-
OpeCLIeHTHBIX OINTHYeCKHMX MHKPOCKOIIOB B IIPOAO/Ib-
HOM HaIlpaBjleHHH (BIOJb OCH Z) HPelIoXKeH Pl
MeTomoB [13]. OgUH M3 HUX 3aKII0YAEeTCS B MOOUHU-
Kaluu GyHKUMH paccessHUsI TOUKU (OPT) onTHYeCcKoM
CHCTEeMBl MHKPOCKOIIA TaKMM o6pa3om, 4Tobbl IIpU
HM3MEeHeHUH PACCTOSIHUSL MEXKAY MHKPOOOBEKTHBOM
1 06pas1ioM BU/L M300paskeHHs TOUeUHOI0 MCTOYHHKA
MeHsuIcs [14-18]. B xome mocienymomei o6paboTKu
IIO/TyYeHHBIX HM300paskeHHUH MOXKHO C BBICOKOM TOY-
HOCTBIO OIIpefle/IUTh IONIOKeHHe 06BbeKTa B TpexMmep-
HOM IIpOCTpaHcTBe. Momudukauus OPT 3akmoya-
eTcsl B IIpeBpallleHUH IATHA Jipu (pUC. 1 a HUKHUN
psinl), HampHMep, B [BYX/IeleCcTKOBoe H300paskeHUe,
IBa IJIaBHBIX MaKCMMyMa B KOTOPOM II0BOpPauHBa-
1oTcst Ipu medokycuposke (double-helix point spread
function, DHPSF) (puc. 1b HmxHu# psanp) [19-21].
Meton ymobeH TeMm, uTO AJs IpeBpalleHUs (ayo-
PeCLIeHTHOT0 MHKPOCKOIIA B MMKPOCKOII C TpexMep-
HOM JIOKa/IM3allel TOUeYHBIX H3/lyyaTeslell, B CXeMy
HeobxonluMo [06aBUTh JIHUIIL HebolblIoe KONIHYe-
CTBO OIITHYECKHUX 3JIeMeHTOB. Ha puc. 1 nu3obpaskeHa
NpUHLUMIIHATIbHAS CXeMa KJIaCCHUeCKOIo MHKPOCKOIIa
U MHKPOCKOIIa ¢ MogupuLrpoBaHHON OPT. [J1TaBHBIM
37IeMeHTOM [JIsI U3MeHeHHsI GOPMHUPYeMOro CHCTe-
MOM H300paskeHUs SIB/IsSIeTCsT $a30BbIM AUPPAKIIMOH-
HBIN ONTHYeCKUH 3neMeHT (JO3) (puc. 1b), mpousso-
OSIMUE ITpeobpa3oBaHMe IAfAIONIero Ha Hero Iy4ka
B II0jle, B paclpele/leHUH UHTEHCHUBHOCTH KOTOPOrO
Hab/II00A0TCs Ba [VIABHBIX MAaKCHMYMa, BpPalaoNy-
ecsi Ipu QOKYCHPOBKe U PACIPOCTpaHeHUU (AByxjie-
mecTkoBoe 1oje). JJO9 MoryT 6bITh peanr30BaHBl KaK
Ha CTAal[MOHAPHBIX MacKaX, TaK U C IIOMOIbIO yIIPaB-
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the external radiation of fluorescent labels (molecules,
quantum oscillating dots, etc.) located in the test
sample, in the collection of radiation from these labels,
and the subsequent processing of the obtained images.
The 2014 Nobel Prize in Chemistry was awarded to Eric
Betzig, Stefan W. Hell, and William E. Moerner for
their development of high-resolution fluorescence
microscopy methods, which allowed them to achieve
resolutions up to 1 nm in transverse direction [11,
12]. A number of methods have been proposed [13]
to increase the spatial resolution of fluorescence
optical microscopes in longitudinal direction (along
the Z axis). One of them consists in modifying the
point spread function (PSF) of the microscope optical
system, so that to change the image of the point
source when the distance between the micro-lens and
the sample changes accordingly [14-18]. During the
further processing of the obtained images it becomes
possible to determine with high accuracy the location
of the object in three-dimensional space. The PSF-
modification consists in the Airy spot transformation
(Fig.1, alowerline), for example into a two-lobe image,
where the two main maxima rotate during defocusing
(double-helix point spread function, DHPSF) (Fig. 1 b,
lower line) [19-21]. The method is suitable also because
only a small number of optical elements is to be
added to the set-up, in order to convert a fluorescence
microscope into the one with three-dimensional
localization of point emitters. Fig. 1 shows a schematic
diagram of a classical microscope and microscope with
a modified PSF. The main element used for changing
the image generated by the image system is a phase
diffraction optical element (DOE) (Fig. 1b), which
converts the incident beam into a field with two
main maxima in the intensity distribution that rotate
during focusing and propagation (two-lobe field). The
DOEs can be implemented both on stationary masks
and using controllable devices, such as multi- pixel
liquid crystal spatial light modulators (LC SLM). A
mean of formation of field under consideration by
modified liquid crystal focusing device of modal type
is considered in paper [22].

At the Samara Branch of the Lebedev Physical
Institute, comprehensive studies were carried out
on the creation of phase diffraction elements based
on the optics of spiral light beams [23-25], which
convert the incident radiation into a two-lobe field.
This review presents the main results obtained in the
development of phase DOEs optimized for working
with high-aperture micro objective.
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JIseMBbIX YCTPOﬂCTB, TaKHX KakK

MHOTOIIMKCeJ/IbHBIE SJKUAKOKpH- Iy
~ MO (MHKPOO6'BEKTHB) (doTommpuemHoe
CTI/IMYeCKHe IIPOCTPAHCTBEH MO (Microscope Oxymsp JCTpOFiCTB0)

Hble MoAyIsTOPhl cBeTa (KK ITIMC).
B pabore [22] mpenioskeH BapUaHT

Objective)

Detector

Lens

bopMUpOBaHHUS paccMaTpuBae-
MBIX I10JIeH MOTUQUIIKPOBAHHBIM

tﬁﬁ*t

SKUAKOKPUCTAIINYECKUM (oKyca-
TOPOM MOJA/IBHOTO THUIIA.

B Camapckom ¢unuane ®MAH
6bUTH BBITTOJTHEHBI KOMIIIEKCHBI®
UCCIeJOBAHUS 0 CO3MAHHUIO Ha
OCHOBe OITHKHU CIIHPa/JbHBIX Iy4-
KOB cBeTa [23-25] ¢a30BBIX OAUP-

PaKLIMOHHBIX 3JIeMEeHTOB, IIpeob- 2=0,94F 2=0,97F Z=1,03F 2=1,06F
pasyiomux Iagarplnee U3IydyeHHe a)
B JBYXJIEIIECTKOBOe I1ojie. B maH-
HOM 0630pHOM paboTe IpencTaB- A0S (AMGPaKIHOHHEL eIy
MO (MHUKPOOGBEKTHB)  OITHUYECKHI 3JIEMEHT) (doTorrpuemuoe

JIeHBl OCHOBHBIE IIOJIydE€HHBIE MO (Microscope DOE (Diffraction Okynsap YCTPOFICTBO)
Ppe3yJibTaThl IIO pa3pa60TKe daso- Objective) Optical Element) Lens Detector
BeiX JIOJD, ONTHMMH3UPOBAHHBIX x -

i
Iyist paboTHl CO CBETOCHJIBHBIMU -
MHKPOOOBEKTHBAMH. -

*y -

OABYXJIEMECTKOBbDIE
CMUPAJTIbHDIE

MYYKUN CBETA

CrnupasibHBle Iy4YKH CBeTa [23-
25] - 3TO 0CODOBIM KJIACC CBETOBBIX
Iojiell, COXPAHSIOMIMUX 3aZaHHYIO
CTPYKTYPY pacIipefeneHUsl UHTeH-
CUBHOCTH IIPH PaCIpOCTpPaHeHUU b)
B IIPOCTPaHCTBe U POKYCHPOBKe 3a
KUCKIIOYeHreM Macmraba U I10BO-
pora. OHH HMEIOT HeHYJ/IeBOU
OpOHTANBHBIN YIJIOBOM MOMEHT.
CrupasnbHble IYYKH CBeTa HAXOJAT
CBoe NpHUMeHeHHe B ONTHYeCKOU
MaHUINyISUUMU [26], B cHcTeMax
KBAaHTOBOM Ilepefadyd HHpopma-
uuu [27]. Ha ocHOBe MaTeMaTuye-

Z=0,94F

Puc. 1. Onmuueckasi cxema 06bI4H020 MUKPOCKONA U U306pa>keHue mo4e4Ho20
UCMOoYHUKA, popmupyemoe cucmemoli Ha pazAUuYHbIX paccmosiHusx (Z) om nao-
ckocmu ¢okycuposku (F - pokycHoe paccmosiHue) (a), aHano2u4Ho dns MUKpo-
ckona ¢ modugukayuel ®PT (b)

Fig. 1. Optical scheme of a conventional microscope and the image of a point
source formed by the system at various distances (Z) from the focusing plane
(Fis the focal length) (a), similarly for a microscope with modification of PSF (b)

Z=0,97F Z=1,03F Z=1,06F

CKOro ¢opManmu3Ma CIIHPaIbHBIX

IIy4KOB pa3paboTaH HOBBIK MeTO[, pacllO3HAaBaHMS
M aHAJIM3a KOHTYPHBIX U300paskeHuM [28]. 3mech pac-
CMOTPeHO UX IIPHJIO’KeHHe B 33jjaue YBeJIMUeHUsI IIPo-
TOJIBHOTO pasperieHHs G1yopeclieHTHBIX ONITHYeCKUX
MMKPOCKOIIOB.

CrnupanbHble IIYYKH XapaKTepU3YIOTCS Iapame-
TPOM II0BOPOTa 0, OIIpesie/ISIIOUIKMM Ha KaKOH yron ©
[IOBepHeTCsl paclpefieleHHMe HHTEHCHUBHOCTH IIpHU
pacrpocTpaHeHHH OT OIMKHEH [0 JalbHeH 30HBI
IUpaKIIHU: O=90%. OHH MOIYT MMeTh pPa3JIU4YHEIe
dopMEl pacmpefeneHHs HHTEHCHBHOCTH: B BHJe
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TWO-LOBE SPIRAL LIGHT BEAMS

The spiral light beams [23-25] mean a special class
of light fields that maintains a given structure of
the intensity distribution while propagating in
space and focusing, with the exception of scale
and rotation. These fields have a nonzero orbital
angular momentum. The spiral light beams find their
application in optical manipulation [26], in systems
for the quantum information transmission [27]. Based
on the mathematical formalism of spiral beams, a new
method for the recognition and analysis of contour
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aHcaM6s1sl MSTeH, 3aMKHYTBIX M Pa3’OMKHYTBIX KpPH-
BbIX, obsacTeil 3aflaHHOM GOPMBI. [l yBelHYeHUs
IIPOAO/IBHOIO paspelleHuss MHKPOCKOIIA IIpeACcTaB-
JISAI0T MHTEePeC OBYXJIIeCTKOBbIe CIIMpaJIbHbIe IIYYKH,
pacrmpezeneHyre HHTeHCUBHOCTH KOTOPBIX MMEET B[,
Maphl [I5ITeH (IVIaBHBIX MaKCUMYMOB), BPalaOMIHXCS
BOKpYT obuiero meHTpa. CHOHpaJbHble My4YKH CBeTa
MOKHO IIOJIy4aTh C IIOMOIIBIO Pa3/IMYHBIX METOMOB.
Mopsl dpmuTta-Taycca u Jlareppa-Taycca (cobcTBeH-
Hble KojebaHHs JIa3epHBIX Pe30HATOPOB) SIBISIOTCS
YaCTHBIMHU CJIYYassMU CIIMPA/IBHBIX IIYYKOB C HY/I€BBIM
BpallleHHeM HHTeHCHBHOCTU. BblIo mokasaHo [24],
YTO CIHPaJbHBIH IIYYOK MOXKHO IIPefCTaBUTh B BHIE
pasioxkeHus Mo Mogam Jlareppa-aycca

Exy)=3 3 CLG[%%] 1)

HH/IEKCBI KOTOPHIX YIOBJIETBOPSIOT YC/IOBHIO
2n+|m|+6,m=const, )

p - IapaMeTp II0IlepevYHOoro pa3mMepa IydkKa.

Boibupass 3HayeHHe IapaMeTpa BpalleHHUS
my4yka 6,, MOXKHO 3a/laTb CKOPOCTb BpallleHHs IIy4YKa
U oIlpesieNiTh ero QYHKUMOHAIBHBIN BUA. Pacriperne-

=

images has been developed [28]. Within our review we
consider their application for the problem of increase
of the longitudinal resolution in fluorescence optical
microscopes.

Spiral beams are characterized by a rotation
parameter 6, , which determines the angle of rotation
of the intensity distribution when propagating from
the near to far diffraction zones: ©=0,(n/2). They
can have various forms of the intensity distribution,
such as a cluster of spots, closed and open curves,
and regions of a given shape. The two-lobe spiral
beams with the intensity distribution having the
form of a pair of spots (main maxima) rotating around
a common center, are especially suitable where
the increase in the longitudinal resolution of the
microscope is required. The spiral light beams can be
obtained by means of various methods. The Hermite-
Gauss and Laguerre-Gauss modes (i.e. natural
oscillations of laser resonators) are particular cases
of spiral beams with zero intensity rotation. It was
shown in [24] that the spiral beam can be represented
as a Laguerre-Causs decomposition

Exy)=3 3 CnmLGn,m(f,X], 1)

PP

Puc. 2. Pacnpedenerus ¢azbl (a) u unmercusHocmu (b) cnupanbHozo ny4ka ¢ napamempom spawierus 8, =-2, 2pagux pacnpe-
deAeHUS UHMEeHCUBHOCMU 8 nonepeyHoM cedeHuu (c) U pacnpededeHus LHMeHCUBHOCMU 8 PA3AUYHbIX NONepPeYHbIX NA0CKOCMSIX
86/U3U nepemsiKKU, deMoHCmpupyrouiue 8palieHue caemosozo noas (d). ®aszosble pacnpedeneHus npedcmasneHbl 8 2padauusx
cepozo: yepHoe — 0, benoe — 21
Fig. 2. Distributions of phase (a) and intensity (b) of a spiral beam with a rotation parameter 0 ,=-2, a graph of the intensity
distribution in the cross section (c) and the intensity distribution in various transverse planes near the waist, showing the rota-
tion of the light field (d). Phase distributions are presented in shades of gray: black - 0, white - 21t
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JIeHHS MHTEeHCHBHOCTH H (1)8.31)1 CIIMPaJIPHOI'O ITy4YKa
C IIapaMeTpOM BpallleHHd 90=—2, OITCBIBAE€MOTIO
BbIpa’)KEHHEM

F=LG, o+LGy ,+LG,; 4 +LG; 6+ LGy g, (3)

II0OKa3aHBbI Ha puc. 2 [29].
Cynepmosuiius Moy, Jlareppa-Taycca:

F=1Gg o+LG; ,+LGq ¢ (4)

SIBJISIeTCSL CIIMPAIBHBIM IIYYKOM C ITapaMeTpoM Bpa-
meHus 0,=-4. PactpeneneHus: ¢assl U UHTEHCHBHO-
CTH IIOKa3aHBbI Ha puc. 3 [30].

Ha puc. 4 mnpencraBieHBl 3aBHCHMOCTH yIJa
[IOBOPOTa pacHpefeneHUs HHTEHCHBHOCTH [BYX-
JIeIIeCTKOBBIX CIIMPA/JIbHBIX IIyUYKOB C pa3slIUYHBIMU
mapaMmerpaMu 0, oT paccTosiHHS B 061acTH QOKy-
cupoBKkU (QOKyCHOe PACCTOSIHME JIMH3bI PaBHSIOCH
F=300 mMm).

B paborax [31-33] mpenjoskeH OPYroM IIOAXO[
IIOCTPOEHUS CIIMPAJIBHBIX IIyUYKOB, KOTOPBIH SIBJIS-
eTCsl BeCbMa IIPUBJIEKATENBHBIM [JIs HabHeHIIero
HCCefloBaHUSI. B HeM paclipefenieHHe WHTEHCHBHO-
CTH IIOJIS 3aBHCHUT TOJIBKO OT BBIOOpA ITOIBIHTEIPaIb-
HOM QYHKIIMH, a BeIMYKMHA [IapaMeTpa BpameHus 0,
omnpepensieTcss BUAOM apryMeHTa 3TOM OQYHKIHH.
B 3TOM ciy4ae MOXKHO IIOTY4YHThb
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whose indices satisfy the condition
2n+|m|+6,m=const, )

p is the transverse beam size.

By choosing the value of the beam rotation
parameter 0, we can set the beam rotation speed and
determine its functional form. The intensity and phase
distributions of the spiral beam with the rotation
parameter 0,=-2 described by the expression

F=LG, o+LGy ,+LG,; 4 +LG; 6+ LGy g, (3)

are shown in fig. 2 [29].
Superposition of Laguerre - Gauss modes:

F=LG, g+LG; ,+LGg ¢ @)

is a spiral beam with a rotation parameter 0,=-4.
The phase and intensity distributions are shown in
Fig. 3 [30].

Fig. 4 shows the dependences of the rotation angle
of the intensity distribution of two-lobe spiral beams
with various parameters 6, on the distance in the
focusing region (the focal length of the lens was
F=300 mm).

I10JIe C 3aJaHHBIMH XapPaKTePHUCTH-
KaMU cpasy, He Ilepebupas cyrep-
no3unyu Mog (1) u nmonbupas mis
HHX BeCOBble KO3QPUILIUEHTHI.
HTak, OByXJIelecTKOBble CIIH-
panbHBIe IIY4YKH, IIOBOPAaYMBa-
omyecs IIpU pacIpoCTpaHe-
HHHU, TIO3BOJISIIOT YCTAaHOBHUTH
ONHO3HAYHYIO CBSI3b MeXAY
yIJIOM IIOBOPOTA pacIipefesieHus
MHTEeHCUBHOCTU U IIPOAOJIbHEIM
[I0JIOCKeHHWeM HMCTOYHHKA H31y-
yeHusa. OmHaKoO H3-3a Heobxo-
OIUMOCTH 3aJaHHUd aAMIIJIMTY[bL
IIy4yKa, HAallpUMep, C IIOMOIIBIO
[oTJIOMAomel aMIUTYAHOH
MacCKH, UX QOpMHUPOBAHHE 3HEp-
reTU4YeckKru Malo3ddeKTUBHO.
B 4acTHOCTH, [ CIHPAIBHOIO
IIy4Ka, IpeACTaBJIeHHOro Ha
pHcC. 2, nuUIIb 5% MafaIoIlero Ha
MacKy CBeTOBOrO IIOTOKa OCTa-
ercsl B y4Ke. I1o3ToMy ObLI IIpO-
BeleH LUK/ HCCIeSOBAHHM II0

Puc. 3. PacnpedeneHus ¢azel (a) u uHmeHcusHocmu (b) cnupanbHo20 nyyka

¢ napamempom epauieHus 8,=-4, pacnpedeneHus UHMEHCUBHOCMU 8 PA3AUYHbIX
nonepeyHbix NAOCKOCMSIX 86AU3U nepemsiKKU, OeMOHCMpUpYOULLE 8pauieHue
ceemoso2z0 noas (c). ®asoasvle pacnpedeneHus npedcmasneHbl 8 2padauusx
cepozo: uepHoe - 0, 6enoe — 21

Fig. 3. Distributions of phase (a) and intensity (b) of the spiral beam with the
rotation parameter 8,=-4, intensity distributions in various transverse planes
near the waist, showing the rotation of the light field (c). Phase distributions are
presented in shades of gray: black - 0, white - 21t

GOPMUPOBAHUIO [BYXJIEIeCTKO-
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BBIX CBETOBBIX II0JIEH TOJIBKO C IMOMOIIBIO $a30BEIX
JO3, mpoduab KOTOPBIX 3aZaBajucia $a3oBBIM pac-
IpejeleHHeM HaHJeHHBIX CIHPAJIbHBIX IIY4YKOB.
IIpyu 3TOM CBETOBBIE IIOJII OCTAITCS CTPYKTYPHO
YCTOMYUBBIMHU B OTPAaHHYEHHOM YacTH IIPOCTPaH-
cTBa (puc. 4).

CO34AHVNE ANDPPAKLUMOHHOIO
ONTUYECKOIO 3JIEMEHTA HA OCHOBE
ABYXJEMECTKOBOIO CMMUPAJIbHOIO
MYYKA

C IOMOIIBI0 YHCIEHHOIO MOJEeNIHPOBAHUS OBLIU
KCC/IeIOBaHbl CBETOBBIE I10/15, COOPMHUPOBaHHBIE
MacKkaMH, ¢a3oBoe MPOMyCKaHHe KOTOPBIX 3aJaeTcs
$a30BRIM pacrmpeneeHreM CIHUPaTbHBIX IIYYKOB.
OcCBemaKIIKK IIy40K IIPeJIIoNaraics OJHOPOLHBIM
[I0 MHTeHCHUBHOCTH. Kak BUAHO M3 pHUC. 4, pacrpe-
JleJIeHHe CBeTOBOTO 110151 B BUZEe NBYX BpPalllalOLIMXCS
MaKCHMYMOB COXPaHSIeTCSI B 3HA4YHUTeIbHOM 06s1a-
CTH IPOCTPAHCTBA BOIM3U MEPeTSKKU. DHepreThye-
cKast 90$eKTUBHOCTh GOPMHUPOBAHHUS, IOA KOTOPOH
IIOHKMMAeTCsI OTHOIIeHHEe 3SHEePruH, JIOKaJIM30BaH-
HOM BO/IM3H INIaBHBIX MAaKCMyMOB MHTE@HCHBHOCTH,
KO BCE€H 3HEePrHH B IUIOCKOCTH PerucTpaliiu, HaXo-
OUTCS B Ouama3oHe oT 15 mo 32%. Takum 06pa30M,
KCIIONB3ys Ga3oBhle paclpelesieHUs CIHUPaTbHBIX
IIy4uKOB, MOXHO IIOJy4MTh Tpebyemoe mpeobpaso-
BaHHe CBeTOBOro mosus. OgHaKo, npu pabore c omu-
HOYHBIMH UCTOYHMKAMU, KOrzAa Ay GOpMHUPOBAHUS
M300pasKeHUST BasKEH KaKIBIM GOTOH, HEOOXOMKMEBL
MeTofbl, GOPMHUPYIOIIHe CBETOBbIE IO/ C BosbIIert
3dexTHBHOCTBIO. OHa MOKeT ObITh yBeJIHUeHa 3a
c4eT U3MeHeHHs $pa30BOM CTPYKTYPhl MacKH C IIOMO-
IIbI0 UTEPALIMOHHOM IIPOLIeAYPHI.

IIpy momoIiny MOAUGHUIIMPOBAHHOIO aAJTOPUTMA
TFepubepra-CekcToHa OBLIM IONY4YeHBl AUPPAKLIU-
OHHBIe 3JIeMeHThl, obnazaroouire 3¢deKTHBHOCTBIO
bonee 60%. ITompoOHO AArOPUTM pacueTa OMMHCAH
B pabore [29]. Ha puc. 5a mpexacTaBiaeH (a3oBbIH
npoduns [OJ, MoaydeHHBIN B pe3yiabTaTe paboThl
HMTEepPALIMOHHOMN MPOLIeSyphl, HAYaJIbHBIM IHPUOIH-
>KeHHueM KOTOPOH SIBJISUIOCH pacrpefieneHHe (a3l
CIHMPAJIBHOIO Iy4ka ¢ 6,=-2 (puc. 2a). PacdyeTHoe
B IUIOCKOCTA ®yphe M 3KCIEPHMEHTAJBHO I10Jy4eH-
Hble pacIIpefie/leHHsI MHTEHCHBHOCTH B 061acTH
$OKYCHPOBKH ITOKa3aHBl Ha PUCYHKax 5b 1 5¢. B aKc-
rmepuMeHTax (asoBble 3JIEMEHTHI [JI TeHepalluy
IBYXJIeIIeCTKOBBIX CBeTOBBIX II0Je GOpMHUpOBa-
nuch npu nomomu KK-mopynstopa cBeta Holoeye
HEO-1080P co cnemymoIMMH XapaKTepPUCTHKAMH:
paspemenure 1920x1080 IHMKCen0B, Pa3psAHOCTD
8 6uT - 256 ypoBHeH ceporo Ajs dazosoro mpeobpaso-
BaHMA, 60%-0TpakeHHe B 0-1 MOPSAOOK JHPPAKLIHHU.

=
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Puc. 4. 3asucumocms y2aa nogopoma pacnpeoeneHusi
UHMEeHCUBHOCMU CNUpAAbHO20 ny4ka 6 om paccmosiHus 8o
naockocmu ®ypoe (z=0) (KpacHas kpugas coomsemcmayem
0,=-2, cunssg - 6,=-4; mouku coomeemcmaytom 3xcnepu-
MeHMAnbHbIM OAHHBIM NO POPMUPOBAHUIO 08YXAENeCmKo-
8blIX NoAell C NOMOULbH Ga308biX OUGPAKUUOHHbIX INEMEH-
MO8, NOAYYEeHHbIX Ha 0CHOBE IMUX CNUPAAbHBIX NYYKO8:
KpacHble Kpyau - 0, =-2, cuHue kpyau - 8,=-4)

Fig. 4. Dependence of the angle of rotation of the intensity
distribution of the spiral beam 0 on the distance to the
Fourier plane (z=0) (the red curve corresponds to 8,=-2, the
blue curve corresponds to 0,=-4; the points correspond to
experimental data on the formation of two-lobe fields using
phase diffraction elements, obtained on the basis of these
spiral beams: red circles - 8,=-2, blue circles - 8,=-4)

In papers [31-33], another approach was proposed
for the spiral beams construction, which seems rather
attractive for further researches. In it, the distribution
of the field intensity depends only on the choice of the
integrand, and the value of the rotation parameter
0, is determined by the form of the argument of
this function. In this case, it is possible to obtain a
field with given characteristics immediately, without
sorting through the superposition of modes (1) and
selecting weight coefficients for them.

Thus, the two-lobe spiral beams rotating during
their propagation make it possible to establish an
unambiguous relationship between the angle
of rotation of the intensity distribution and the
longitudinal position of the radiation source. However,
since it is necessary to set the beam amplitudes, for
example by means of an absorbing amplitude mask,
the formation of this type beams is energetically
inefficient. In particular, for the spiral beam shown
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MopynsaTop oCBellaacss KOMIMMUPOBAHHBIM IIy4YKOM
TBEPIOTEJBHOrO yiazepa ¢ A=532 HM. [nsa Habmro-
JeHHS II0BOPOTa pacrpefeneHUus HHTEHCUBHOCTH
K dasoBomy pacrpepneneHuio 1O 106aBisgIach I10J10-
SKUTe/bHAsA JHH3a. M3MepeHHs cHOPMHPOBAHHBIX
IoJIell ITPOBOJMIIMCE BOIH3U (OKATBHON IIOCKOCTH
3TOM JIMH3BI, I/le YyIrojll II0BOPOTa pacIpeleeHHs
MHTEHCHUBHOCTH ObICTpee BCero MeHSIeTCS C U3MeHe-
HHeM paccTosiHuA (puc. 4).

YYET UCKAXEHUNA,

B/INAIOWLNX HA PABOTY 103

YcnoBusi GOpMHPOBAHUS [BYX/IEIIECTKOBBIX CBETO-
BBEIX I10JIEH B PealbHOM OITUYeCKOU CHCTeMe MUKPO-
CKOIIa MOTYT OT/IMYAaThCA OT YCIOBUM, KCIIO/Ib3yeMBIX
Ui pacdeTa U co3maHus uuibTpa. Hamm 6su1a mpo-
BeJleHa Cepusl KCCIe[JOBAaHHH, CBA3aHHBIX C aHAJIH-
30M BJIMSHUS aMIUIMTYAHBIX U $a30BbIX MCKLKEHHUH
Pery/isipHoro ¥ XaoTH4eCcKOro XapakrTepa Ha opMH-
PpoOBaHHe [BYyXJIelleCTKoBoro mons [34-36]. Ilepedrc-
MUM Haubosee BasKHBIE TSI ITPAKTHUYECKOHM PaboThl
pe3y/ibTaThl, IOJNYyYeHHBIE B XOJe MOJeIHPOBaHHSI
M OKCIIEPHMEHTOB.

o -

c)

Puc. 5. Peayabmam pabompl anzopumma nocae 6 umepayud:
a) pacnpedeneHue ¢pa3wl [1O3; b) pacuemHoe pacnpede-
AeHue UHMeHcusHoCMU 8 naockocmu dypbe; ¢) 3Kcnepu-
MEeHManbHo NOAYYeHHble pacnpedeneHust UHMeHCUBHoOCMu

8 06nacmu dokycuposku (pazosoe pacnpedeneHue nped-
cmaseneHo 8 2padauusx cepozo: YepHoe — 0, 6enoe — 21t)

Fig. 5. Result of the algorithm after 6 iterations: a) distribu-
tion of the DOE phase; b) the calculated intensity distribu-
tion in the Fourier plane; c) experimentally obtained intensity
distributions in the focusing region (the phase distribution is
presented in gray gradations: black - 0, white - 211)
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in Fig. 2, only 5% of the light beam falling on the
mask remains inside the beam. That’s why a series
of studies was carried out on the formation of the
two-lobe light fields by means of only those phase
DOEs, whose profile was determined by the phase
distribution of the found spiral beams. Meanwhile,
the light fields remain structurally stable in a limited
part of space (Fig. 4).

CREATING A DIFFRACTIVE OPTICAL
ELEMENT BASED ON A TWO-LOBE SPIRAL
BEAM

Numerical modeling was used to study the light fields
formed by masks whose phase transmission was
determined by the phase distribution of spiral beams.
The illuminating beam was assumed to be uniform in
intensity. As can be seen from Fig. 4, the distribution
of the light field in the form of the two rotating
maxima remains in a significant portion of space near
the waist. The energy efficiency of formation, which
is understood as the ratio of the energy localized
near the main intensity maxima to the total energy
in the registration plane ranges from 15 to 32%. Thus,
using the phase distributions of spiral beams, one can
obtain the required transformation of the light field.
However, when working with single sources, where
each photon is important for the image formation,
the methods with greater efficiency are needed for
the light fields generation. The efficiency can be
increased by changing the phase structure of the mask
through an iterative procedure.

Using a modified Herchberg-Sexton algorithm, the
diffraction elements having an efficiency of more than
60% have been obtained. The calculation algorithm is
described in detail in [29]. Fig. 5a shows the phase
profile of the DOE obtained as a result of the iterative
procedure, where the initial approximation was the
distribution of the spiral beam phase with 6,=-2
(Fig. 2a). The intensity distributions, both the one
calculated in the Fourier plane, and experimentally
obtained one in the focusing region are shown in Figs.
5b and 5c. In the experiments, the phase elements
for generating the two-lobe light fields were formed
using a Holoeye HEO-1080P LCD light modulator with
the following characteristics: resolution of 1920 x1080
pixels, 8-bit resolution - 256 gray levels for phase
conversion, 60% reflection to zero order diffraction.
The modulator was illuminated by a collimated beam
of a solid-state laser with A = 532 nm. To observe
the rotation of the intensity distribution, a positive
lens was added to the DOE phase distribution. The
measurements of the formed fields were carried out
near the focal plane of this lens, where the rotation
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YcTaHOB/IEHHl Clefyolire TpeboBaHUS K pacrpe-
JelleHHUI0 MHTeHCHBHOCTH OCBelllalollero $a3soBbIH
37leMeHT ny4ka. [[IuprHa my4uka Ao/KHA ObITh 0,8
auamerpa $a3oBoro sjnemMeHTa. [JOoMyCTHMOE OTKIIO-
HeHHe IeHTpa OCBEUIAIOIIEero IMy4Yyka OTHOCHUTEIBHO
neHTpa JOD MeHee 20% OT IIMPUHBI OCBelAIOLIEro
myuka [35].

PaccMoTpeH cny4yad, KOrfa 4acTh IIHKCelel
MOJYISTOPa MM MacKd SBJISIOTCA HeJeHCTBYIO-
IWHMHK. HakfeHo, 4TO JONyCTHMas IUIOMaAb TAKKUX
3JIeMEeHTOB He [0/IKHA IIpeBrIlaTh 10% OT mIomanu
dasoBoro anemeHTa (puc. 6) [36]. [Ipu 5TOM reHepu-
pyeMoe Iojie MpakTHYeCKH He OTAHYaeTcs OT I10jd,
COOPMUPOBAHHOTO HAeaJlbHBIM (a30BBHIM 3IeMeH-
TOM (BCe MHUKCeNIH HCIPaBHBI). JOMYCTHMBIE OTKJIO-
HeHHS Iy6rHBl Ga30BOM MOAYISLIUK OT 2T JIeXKaT
B MHTepBaJe oT -10% no +20%.

IIpoBemeH Takke psg 3KCIEPUMEHTOB, IIOCBS-
IIeHHBIX MCCIeJOBAHUIO BIHSHUS abeppanum,
IpefCcTaBleHHBIX B BHJe IIOJMHOMOB llepHHKe B
COOTBETCTBHM C HOPMHPOBKOHM CTaHAapToB OSA
(KOMBI, acTUrMaTH3Ma U chepuyeckon abeppa-
LIMK) Ha HccleqyeMble 1oas [34, 35]. YcTaHOBIIEHO,
YTO IpH BelHuYHHe chepuuecKon abeppaumu A/16,
KoMBI A/16 M acturmatusMa A/8 u3 pacmpepese-
HUS UHTeHCHUBHOCTH MCC/IeyeMBbIX CBETOBBIX I10JIeH
C BpallleHHeM ellé MOXKHO HU3B/ledb HHPOPMALIHIO 00
YIJIOBOM IIOJIOKEHHMH MaKCHMYMOB paclpe/e/eHHs
MHTEeHCUBHOCTH.

=

angle of the intensity distribution most rapidly varies
with the distance change (Fig. 4).

CONSIDERING DISTORTIONS AFFECTING
THE DOE OPERATION

The conditions for the formation of two-lobe light
fields in a real microscopic system may differ from
the conditions used to calculate and create a filter. We
conducted a series of studies related to the analysis of
the influence of the amplitude and phase distortions
of a regular and chaotic nature on the formation
of a two-lobe field [34-36]. Let’s denote the results
obtained in the course of modeling and experiments
that are most important for practical work.

The following requirements are identified for the
intensity distribution of the beam illuminating the
phase element. It is necessary to maintain the ratio
between the aperture of the illuminating beam and
the phase element aperture, the beam width must
be 20.8 of the diameter of the phase element. The
permissible deviation of the center of the illuminating
beam relative to the center of DOE is less than 20% of
the illuminating beam width [35].

The case is considered when a portion of the pixels
of the modulator or mask are invalid. It was found
that the permissible area of such elements should not
exceed 10% of the phase element area (Fig.6) [36]. In
this case, the generated field practically does not differ
from the field formed by the ideal phase element (all

Puc. 6. V3meHeHue KapmuHbl 8 nAockocmu oKycuposKU ¢ poCmom Yucaa He pabomarousux (UCnopyYeHHbIX) nukcenos pasoeozo
3/eMeHma 8 NpoueHmax
Fig. 6. Change of the pattern in the focusing plane with increase of the number of phase element inactive (damaged) pixels in
percent
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Puc. 7. PacnpedeneHue ¢pa3zbl noayueHHozo 103 8 zpadauusx cepozo (a) u pacnpedeneHus UHMeHCUBHOCMU pOpMUPYEMO20
noas (b) no pesyabmamam vucaeHHo20 Modenuposarus (8epxHuli psd) u skcnepumenma (HUXHUL psio)

Fig. 7. Phase distribution of the obtained DOE in gray gradations (a) and intensity distribution of the generated field (b) accord-
ing to the results of numerical simulation (upper row) and experiment (lower row)

MOBbILUEHUNE DODEKTUBHOCTHU

®A30BbIX MACOK

C Le/lbl0 JaJIbHEHIIero yBelndeHUs: 3¢GeKTHBHOCTH
dopMHUPOBaHHSI [IBYXJIEIIECTKOBOTO I10JIsI OBLIO yMeHb"
IIeHO PACCTOSIHHe MeXAY IUIOCKOCTSIMH, B KOTO-
PBIX IIPOHMCXOAMUT KOPPeKLHMs IO, MU YBelIH4YeHO
YKCI0 IJIOCKOCTeH, MCIIONb3yeMBIX IIpH pacuere. Ha
PUC. 7 IIpeliCTaB/IeH IONTy4eHHBIN $a30BbIH 31eMeHT
1 pe3y/IbTaThl YUC/IEHHOIO M HaTyPHOIO MOJe/IHpoBa-
HUsI. OTMeTUM, YTO MOOUQPHUKALMS A/ITOPUTMA IIPH-
BeJla K YMEHBIIeHHIO 06/1acTH, B KOTOPOM IIOJMy4eH-
Hoe I10JIe COXPaHSeT CBOI0 CTPYKTYpY pacIpeleneHHs
MHTeHCHBHOCTH B BHJe IBYX SIPKHUX IATeH. Pa30BbIH
37IeMeHT, IIpe/lJIOKeHHBIN HaMU paHee B paboTax [29,
30], dopmHUpyeT IByXJ/IelleCTKOBOe II0JIe, pacIpenerne-
HHe HHTEeHCHBHOCTH KOTOPOIO II0BOpa4YMBaeTCd Ha
200° IIpH COXpaHEHUH [IPOCTPAHCTBEHHOM CTPYKTYPHI.
HoBeii 3memeHT (puc. 7a) popMHUpYeT IIo/le, I0BO-
paunBapomeecs Ha 60°. TakoK 371eMeHT MOXKHO IIpH-
MEHSITb JIIsl UCCTIeIOBAaHMSI TOHKUX obpa3LioB. [eHepa-
LIMS [0/ IIPOMCXOAMT CO CcpefiHel AH(PaKLMOHHON
3QPeKTUBHOCTBIO 73%. YCpeoHeHHe MPOBOAUTCS IIO
3aperuCTPUPOBAHHBIM CeYeHHSIM IIO/sl, B KOTOPBIX

pixels are operable). Permissible deviations of the
depth of phase modulation from 2m lie within the
range from -10% to +20%.

A number of experiments have also been conducted
tostudy the effect of aberrations represented as Zernike
polynomials in accordance with the normalization
of OSA standards (coma, astigmatism, and spherical
aberration) on the fields under study [34, 35]. It has
been revealed that for spherical aberration A/16,
coma A/16, and astigmatism A/8, information on the
angular position of the intensity distribution maxima
can still be extracted from the intensity distribution of
the studied light fields with rotation.

IMPROVING THE EFFECTIVENESS OF PHASE
MASKS

In order to further increase the efficiency of the
formation of a two-lobe field, the distance was
reduced between the planes where the field was
corrected, while the number of planes used in the
calculation was increased. Fig. 7 shows the obtained
phase element and the results of numerical and
experimental modeling. Note that the modification

1103 (b); none, popmupyemoe noayueHHbim 103 (c)

received DOE (c)

pAL
* T
IO

a) b) c)

Puc. 8. PacnpedeneHue uHmeHcusHocmu, popmupyemoe Mukpoobvexmusom (a); pacnpedeireHue pazbl paccuumaHHO20

Fig. 8. Intensity distribution formed by the micro-lens (a); phase distribution of the calculated DOE (b); field formed by the
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CTPYKTYypa PpacIpefeleHUs] HHTEHCHUBHOCTH IO
coxpansiercs [37, 38].

ONTUMUM3ALUNA MPODUJIA PAZOBOIO
OUNbTPA AN PABOTbl C KOHKPETHbIM
MMUKPOOBBEKTUBOM

B mporiecce paboTsl 610 06HAPYKEHO, YTO KasKIBIEL
MMKPOOOBEKTHB (OPMUPYeT CBOW KapTHHY pacIipe-
JeJIeHHs. HHTeHCUBHOCTH B ®Pyphe IIJIOCKOCTH, B KOTO-
POM MPOUCXOOUT Ipeobpa3oBaHUe H300pLKEHUS
da3zoBeiM JO3. ITHU KAPTHUHBL OTIHYAIOTCS OT OLHO-
POAHOrO pacrpefeneHus, Ay KOTOPOro IIPOBOLMIICS
pacueT 3/1eMeHTOB (pHC. 5a). [IpuMep pacrpeneneHUs
MHTEHCHUBHOCTH, GOPMHUPYEeMOro MHKPOOOBEKTHBOM
Carl Zeiss 100x 1.3NA, moka3aH Ha puc. 8a. B Takom
cay4dae gepopMuUpyeTcs HM300paskeHHe KU yMeHbIIa-
ercst 3bGEeKTUBHOCTh Mpeobpa3oBaHUS. YUYHUTHIBAS
3TO pacIpefieieHHe, MBI IOIYYHIHA (Ga30BBIA 3JIe-
MEHT, II0Ka3aHHBIH Ha pUC. 8b. Pe3yynbTaT ONTHMHU-
3L OT/IMYaeTCsl 0T paHee pacCUMTaHHOrO (pHUC. 7a)
JJ1sl OLHOPOAHOrO pacIipele/ieHHs HHTeHCHUBHOCTH.
Jauubizt 103 dopmupyeT Tpebyemoe H300paskeHHe
¢ 3¢dekTUBHOCTEIO 86%. IloBOpPOT pacrpene/eHHs
MHTEHCUBHOCTH (GOPMHUPYEMOTO 10/ OCYIeCTBIIs-
eTcs Ha 64°.

IIpy moMoluu Ioayd4eHHOro ¢asoBoro O3 1mpo-
M3BOAM/IOCH JOKCIIEpHMMEHTa/JbHOe JeTeKTHPOBa-
HHe H300paskeHUHM OSUHOYHON (JIyopecLUpYIoIer
HaHOYaCTULBI (C XapaKkTepHBIM pasMepoM ~50 HM),
pasMeleHHOM Ha CTeKISHHON IOAJMOXKKe [38]. s
moguduranuu OPT wmcmonb3oBaics JKK-MomaynsaTop
cBeta Holoeye PLUTO-VIS co CIegyIOIMMH XapaKTe-
PHUCTHKaMH: paspelleHure 1920x1080 muKcenei, pas-
PSIAHOCTE 8 6UT - 256 ypoBHeH ceporo A $asoBoro
npeobpasoBaHusi, 60%-0oTpaskeHHe B 0-F IIOPSIAOK
IUuGpakuuK. JeTeKTUpPOBaHHE HAHOYACTULIBL IIPOM3-
BOAIMJIOCH B IIMPOKOM [HaIla3oHe ITyOHH 3aeraHus
TOYEYHOr0 MCTOYHMKA, oT -300 mo 300 Hm [37,38].
Hcrmonb3oBaHWe ONTHMMHM3HPOBAHHOTO 3JIeMeHTa
IIO3BOJIMJ/IO LOCTHYb pa3pellleHHs BJOJb ONTHYeCKOH
OCH CHCTeMBI (BAO/Ib OCU Z) B 18 HM.

3AKJ/TIOMEHUE

ITpoBeseHO KOMIIJIEKCHOE KCC/IeJ0OBaHHe I10 CO3LAHHIO
dasoBeix O3 mna Mmogudpurauuu ®PT MHKpocKoma
C LB yBeJIMYeHHs paspelleHHs B IIPOLOJILHOM
HaIlpaBjeHHUH. MeTof, CO34aHKs OCHOBAH Ha OITHKe
CIIMPaJIbHBIX IIYYKOB CcBeTa. C IOMOIIBI0 YUC/IEHHOIO
MOZIe/IMPOBAHHUS U SKCIIEPUMEHTAIbHO KCC/IeJOBaHbL
3¢ eKTUBHOCTh U AHAIA30H YCTOMYHUBOIO GOpPMHUPO-
BaHHUS [BYXJ/IEIIECTKOBOTO PACIIpeZe/IeHUs] HHTeHCHB-
HOCTH, [10BOPAYMBAaIOIIErocs IIPU PACIpPOCTPaHEeHHH,
[U1s pa3s/IMYHbIX BAPHAHTOB Pa30BbIX MacoK. Ompezne-

=

of the algorithm led to a decrease in the region where
the obtained field retains its intensity distribution
structure in the form of two bright spots. The phase
element earlier proposed by the authors in [29, 30]
forms a two-lobe field, the intensity distribution of
which rotates by 200° while maintaining the spatial
structure. The new element (Fig. 7a) forms a field that
rotates by 60°. Such an element can be used to study
thin samples. The field generation occurs with an
average diffraction efficiency of 73%. The averaging is
made over the recorded cross sections of the field in
which the structure of the field intensity distribution
is preserved (37, 38].

OPTIMIZATION OF THE PHASE FILTER
PROFILE FOR WORKING WITH A SPECIFIC
MICRO LENS

In the course of our study, it was found that each
micro-lens forms its own picture of the intensity
distribution in the Fourier plane, where the image is
converted by a phase DOE. These patterns differed from
those for the homogeneous distribution for which the
elements were calculated (Fig. 5a). An example of the
intensity distribution formed by the Carl Zeiss 100x
1.3NA micro lens is shown in Fig. 8a. In this case,
the image is deformed and the conversion efficiency
decreases. Given this distribution, we obtained the
phase element shown in Fig. 8b. The optimization
result differs from the one previously calculated
(Fig. 7a) for a uniform intensity distribution. This
DOE forms the desired image with the efficiency of
86%. The rotation angle of the formed field intensity
distribution is 64°.

By using the obtained phase DOE, we experimentally
detected images of a single fluorescent nanoparticle
(with a characteristic size of ~ 50 nm) placed on a glass
substrate [38]. To modify the PSF, a Holoeye PLUTO-
VIS LCD light modulator was used with the following
characteristics: resolution of 1920 x 1080 pixels, 8-bit
resolution - 256 gray levels for phase conversion, 60%
reflection to the 0-th diffraction order. Nanoparticles
were detected in a wide range of depths of a point
source, from -300 to 300 nm [37, 38]. The use of the
optimized element allowed us to achieve a resolution
along the optical axis of the system (along the Z axis)
of 18 nm.

CONCLUSION

A comprehensive study aimed to create phase DOEs
for modifying the PSF microscope in order to increase
the resolution in the longitudinal direction was
carried out. The method is based on the optics of
spiral light beams. Both the numerical modeling
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JIeHBl JOIIyCTUMBIE BeJIMYHHBl AMIUIUTYAHBIX U $a3o-
BBIX HMCKKeHHM (MMEIOIIUX PeryaspHYI0 M XaoTHU-
HYIO CTPYKTYPY) CBETOBOK BOJIHBI, ocBemaomeil 102,
IIpy GOPMHUPOBAHUHU [IBYX/ICIIECTKOBOIO I10JIS.

[TonydeHbl 3JIeMEHTBl CO 3HAYEHHSIMHU 3SHEpreTH-
YecKom 3¢dekTUBHOCTH 0T 30 10 86% U Pa3TUUHBIM
OHAIla30HOM YIJIOB IIOBOpOTa IyIsi paboTsl ¢ obpas-
LlaMHd pa3IMYHOM TONIIMHBI. TakKe IIpoBefeHa
ONTUMHU3ALMs (Pa30BBIX 37I€MEHTOB IIOf, paclipenese-
HMe HMHTEeHCHUBHOCTH, QOpMHpPyeMoOe CBETOCHJIbHBIM
MHUKPOOOBEKTHBOM, YTO I103BOJIsSeT W36aBUTBCS OT
AMIUTMTYOHBIX HMCKa)KeHHH MHpU paboTe B MHKPO-
ckorie. C MCIIOJb30BaHHMEM PACCUHMTAHHBIX (a30BBIX
npodunerl ynaaoch JIOKaAM30BaTh HAaHOYACTHUILY
C TOYHOCTHIO 18 HM B JHaIla30HEe FHy6HH 600 HM.
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and experimental investigations were fulfilled to
study the effectiveness and range of stable formation
of a two-lobe intensity distribution, which rotates
during propagation, for various types of phase masks.
The permissible values of the amplitude and phase
distortions (having a regular and chaotic structure)
of the light wave illuminating the DOE during the
formation of a two-lobe field are determined.

Phase elements with the energy efficiency values
from 30 to 86% and a different range of rotation angles
for working with samples of various thicknesses
are obtained. Besides, the elements were optimized
for the intensity distribution formed by a high-
aperture micro lens, which eliminates the amplitude
distortions while working in a microscope. With the
use of the calculated phase profiles, it became possible
to localize the nanoparticle with an accuracy of 18 nm
in the depth range of 600 nm.
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