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C ueniblo reHepaLum LLeno4YHonoA06HbIX Ny4YKOB
C BHeApeHHOW (a30BOM CUHTYNSPHOCTbIO
paccmoTpeHa audpakumus nyyka beccens
nepBoro nopsgka Ha 30HHbIX NJ1ACTUHKaX

C ABYMS OTKPbITbIMU HEYETHbIMU 30HaMU
®peHens. NokasaHo, 4TO pasmep Kancybl
3aBMCUT OT HOMepa BTOpPOM OTKPbITON
He4YyeTHOW 30Hbl ®peHens n GOoKyCHOro
pPaccTOsAHMSA 30HHOM NIAaCTUHKU. 3MeHeHue
OTHOCUTEe/IbHOM OocCBeLWeHHOCTHU 30H NnpuBoanT
K U3ME@HEeHUI0 KOHTpacTa MeXAy TeMHbIMU

M cBeT/IbiMK o6nacTaMmu. Hamnyywummn
KOHTpacT COOTBETCTBYET OANHAKOBOW
OCBEeL,eHHOCTU 30H. DKCMEePUMEHTa/IbHO
CreHepMpoBaH Lerno4YyHonoao06HbIN Ny4oK

CO BCTPOEHHbIM BUXpeM B pe3y/ibTaTe
Avdpakuum nyyka beccens nepsoro
nopsaka Ha 30HHOM NMJlacTUHKe C NepBoM

M [,eBATON OTKPbITbIMU 30HaMU ®peHens.
DKCNepuMMeHTaIbHO J0Ka3aHo NpUCYTCTBUE
AWCNO0KaLUM U NccneoBaHbl 0CO6@HHOCTU
creHepMpoBaHHOro ny4yka. O6HapyxeHo
Xopollee COOTBETCTBUE MeXAy
3KCMepuMeHTa/IbHbIMU pesysibTaTaMu

M pesysibTaTaMu MOAENNPOBaHUS.

Knto4yeBble cioBa: LLeno4YHonog06HbIN My4oK,
30Hbl ®peHens, buHapHag amMnanTyaHas
OdpakuMoHHas Mmacka, GasoBast CUHTYASAPHOCTD,
ny4yok beccens
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BBEAEHUE

B HacToslee BpeMsl CTPYKTYPHPOBaHHOEe H3Jyde-
HHUe BBI3BIBAET OOMBLION HHTepec Omarogapsi CBOUM
YVHUKQJIBHBIM aAMIUIUTYOHBIM KU (a30BBIM XapaKTe-
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We have considered the diffraction of the first-
order Bessel beam by zone plates with two odd
open Fresnel zone to generate chain-like beams
with an embedded phase singularity. We have
shown that the capsule size depends on the
number of the second odd open Fresnel zone
and the zone plate focal length. The change

of the zones relative illumination leads to the
change of the contrast between dark and light
regions. The best contrast corresponds to

the equal illumination of the zones. We have
experimentally generated a chain-like beam
with an embedded vortex by the first-order
Bessel beam diffraction by zone plates with

the first and the ninth open Fresnel zones. We
experimentally proved the dislocation presence
and investigated the main beam features. We
demonstrated sufficiently good agreement
between experimental and numerically
calculated results.
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INTRODUCTION

Nowadays, structured light beams have gained much
interest due to its unique amplitude and phase struc-
tures. The attention is also motivated by modern appli-
cations for advanced laser material processing [1-3],
optical manipulation [4-6], communication [7-9] and
for data storage [10].

The beams with the self-similar structure of inten-
sity distribution along a direction of propagation
form the class of beams useful for optical micropar-
ticle manipulation. The chain-like beam is a result
of Gaussian beam diffraction by a zone plate with
several open odd zones [11,12]. A diffraction pattern
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PHUCTHKaM. BHHMMaHHe TakKe BbI3BaHO COBpeMeH-
HBIMHM BO3MOXKHOCTSIMHU [I/Isl J1a3epHOH 06paboTku
MaTepuasioB [1-3], ONTHYeCKUX MaHHUIYISALUMN [4-6],
cBsi3u [7-9] u xpaHeHHUs JaHHBIX [10].

[Tydku C caMoIIofoOHOM CTPYKTYypOH pacIperesne-
HUS HHTEHCHBHOCTH BJO/Ib HAIIPaB/leHHsI pacIpo-
CTpaHeHHs 06pa3yloT KJIAcC Iy4YKOB, BasKHBIX KakK
IJIs. ONTHYeCKOM MaHMIYISILUH C MHKPOYaCTH-
LaMHK, TaK U U1l JPYTUX IPHIOKeHHH. llero4Hoo-
OpasHBIM MY4YOK SIB/ISIETCSI Pe3y/lbTaToM JUPPaKLMH
nyuka 'aycca Ha 30HHOM IIJIACTUHKE C HeCKOJIbKHUMHU
OTKPBITBIMU HedeTHBIMM 30HaMHu [11,12]. Judpaxuu-
OHHasl KapTHHaA IyudKa [aycca, Mpollefllero 4epes
dpaKTa/JbHYI0 30HHYIO IIJIACTUHKY, IIpelCcTaBjseT
cob0Il CBETOBOM IY4YOK C CaMOIIOLO0OHOMN CTPYKTYpOI
MHTEHCUBHOCTH BJIO/Ib HAIIPaB/IeHHS PaCIpoCTpaHe-
HUs mydka [13]. Hcmonb3oBaHHe 0600IIeHHBIX 30H-
HBIX IVIACTUHOK yBe/IM4HBaeT YUC/I0 QOKYCHBIX TOUEK,
COXpaHsis CBOMCTBO camorromobus [14]. OcHoOBHOe
pasnuyKe MeXOy IIydKaMM, ONMCaHHBIMU B [13,14],
1 LIeIIOYHONO0A00HBIMU yuKaMH [11, 12] 3aKIrouaeTcs
B pacrpefe/leHUH WHTeHCUBHOCTH MKy ITIaBHBIM
M BTOPUYHBIMHU QOKycaMH M KOJIHYeCTBOM (OKaJIb-
HBIX To4ek [11-14].

CoueTaHHe CBOMCTB IIy4KOB beccenas IepBoro
IOpSIIKA M LIeMOYHOIOMOOHBIX IyYKOB IIOPOXKAAET
HOBBIM KJIacC Iy4KOB CO CBOMCTBOM CaMOIIOZOOHS.
ITy4KH TaKOrO Pofia PaCHIMPSIOT 00/acTH IpHUMeHe-
HUSI U TI03BOJISIIOT OOHAPY>KUTH HOBBIE ) (eKThI CITHH-
OpOUTANIBHOIO B3aUMOJEHCTBHS cBeTa [15-17]. Ily4uKu
C HeOoJHOPOIHBIM PpacIlpefe/leHHeM HHTEeHCHBHOCTH
BLO/Ib HAIlpaB/leHHUs PaCIpOCTPaHeHUs U IOC/Iefo-
BaTeJIbHOCTbIO CHOKYCHPOBAHHBIX ONTHYECKHUX BHX-
penr BIOJIb HAIpPaB/lIeHHs PACIPOCTPAaHEHHS MOXKHO
reHepHUpOBaTh, MCIIONB3ysI CHHPATIbHYI (QpPaKTasb-
HYIO 30HHYIO IIJIaCTHHY [18] U cnupanbHy0 $pa3oByro
Macky [19].

B Hacrosmer pabore mpeaiaraeTcs BHEIPSTDb JIHC-
JIOKAIIHUIO B 40K C HEOAHOPOAHBIM pacIlipefie/ieHHeM
MHTEHCHUBHOCTH BJIOJIb HAIIPaB/IeHHS PacCIpocTpaHe-
HUS OpH JUPAKIMU IIy4UKa, HeCyIlero ToIoJoruye-
CKUH 3apsifi, Ha 30HHOM IUIACTHHKe. YTOOBI LOKa3aTh
TaKyI0 BO3MOXKHOCTb, YHC/IEHHO U 3KCIIePHUMEHTA/IbHO
HCCIeJOBAaHBl CBOKCTBA ILIIOYHOIIOAOOHBIX ITy4YKOB
c $a3oBOM CHHIYISIPHOCTbIO, IeHepHPYeMBIX IIpHU
OUQPaKIMK Iy4dKa bBeccenss ImepBoro mopsaka Ha
aAMIUTUTYAHON OMHAPHOM 30HHOM IIACTHHE C JBYMS
OTKPBITBIMU HeUeTHBIMHU 30HaMU OpeHeris.

YANCNEHHOE MOAETNPOBAHUE CBOWCTB
MOJIbIX LEMOYHOMOA4OBHbIX MYYKOB
PaccmoTpeHa Audpakuus MydKa beccens IepBoro
Nopsiika Ha aMIUIMTYLHOK 30HHOH IIJIACTHHKeE

Syl 4

of a Gaussian beam passing through a fractal zone
plate is a light beam with a self-like intensity struc-
ture along the beam propagation direction [13]. The
usage of generalized zone plates increases the num-
ber of focal points, saving the property of self-simi-
larity [14]. The main difference between the beams
described in [13, 14] and chain-like beams [11, 12] is
the intensity distribution between principal and
secondary focal points and the number of focal
points [11-14].

The combination of properties of the Bessel beams
of the first order and chain-like beams generates
a new class of beams with the property of self-sim-
ilarity. Such kind of beams increase the fields of
application and can help to observe new effects of the
spin-orbit interaction of light [15-17]. One can gener-
ate beams with inhomogeneous intensity distribution
along the propagation direction and the sequence of
focused optical vortices along the propagation direc-
tion using a spiral fractal zone plate [18] and a helical
vortex phase mask [19].

We propose to embed dislocation into a beam with
inhomogeneous intensity distribution along the prop-
agation direction by the zone plates illumination with
a beam carrying a topological charge. To prove that,
we investigate the properties of chain-like beams with
phase singularity generated by the first-order Bessel
beam diffraction by an amplitude binary zone plate
with two open odd Fresnel zones numerically and
experimentally.

NUMERICAL SIMULATION

OF THE HOLLOW CHAIN LIKE BEAM
PROPERTIES

We have considered the diffraction of the first-order
Bessel beam by an amplitude zone plate with two
open odd Fresnel zones. The paraxial approxima-
tion was used for numerical simulation. The para-
bolic equation was solved by the spectral method,
based on a two-dimensional Fourier transform. The
wavelength of radiation diffracting on the mask was
A=632.8 nm, and two odd Fresnel zones were open on
a zone plate. The radius R, of the Fresnel zone with
the number m is

R, =VmE\, (1)

where F is the zone plate focal length. A binary
amplitude mask has the first Fresnel zone radius
R;=0.96 mm. The main focus is on the distance
z=R}/\=F=145 cm. Additional focal spots were at the
distances z,=F/3=48 cm and z;=F/5=29 cm. Figure 1
shows the mask with the first and ninth open Fresnel
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mﬂw ONTUYHECKUE UBSMEPEHWUA

C OIBYMs OTKPHITBIMU He4YeTHBIMH 30HaMH PpeHesd.
JUIs YHCIeHHOr0 MOJeJIMPOBaHUSA HMCIIOIb30Ba-
JIOCh IapaKCHaJIbHOe MpubarskeHue. Ilapabonmue-
CKOe YypaBHEHME peIlajoch CIeKTPaJbHBIM MeTO-
IOM, OCHOBAaHHBIM Ha JBYMepHOM IIpeobpa3oBaHHUU
®ypbe. /JIMHA BOIHBL U3/1YyYeHUS, JUPPArupyOIIero
Ha MacKe, COCTaBisiia A=632,8 HM, Ha 30HHOH ILIa-
CTHHKe OBUIM OTKPBITHI IBe HedeTHbIe 30Hbl PpeHess.
Paguyc 30HEI PpeHesisi C HOMEPOM M paBeH

R, =VmFA, (€]

rae F - QoKycHOoe paccTosiHHMe 30HHOM IIJIaCTHHKH.
Panuyc repBbIH 30HEI PpeHestsi OMHAPHOM aMIUIHUTY-
HOM MackH 6bLT paBeH R;=0,96 MM. I71aBHBIN QOKYC
pacriosarajics Ha PacCTOSHHH z;=RZ/A=F=145 cm.
JomomHUTeIbHbIe GOKYChl pacIiojiarajkch Ha PaccTo-
AHUU 7,=F/3=48 cm u z3=F/5=29 cm. Ha puc. 1 npen-
CTaBJIEHO M300pasKeHHe MACKU C OTKPBITBIMU I1€PBO
U JeBATOH 30HaMHu OpeHensi. AHaJorM4YHas Macka
HCII0/Ib30BaJIach B paborax [11, 12, 20].

Judpakuus nydka I'aycca Ha 30HHOH IIACTHHKeE,
M306paskeHHOM Ha pHUC. 1, NPUBOOUT K GOPMHUPO-
BAaHHUIO I[€IIOYKH CBETOBBIX KaIICy/1, 06pasymoIIHX
LIeIIOYHOIIOMOOHBIH Myuok. Judpakuus beccens mep-
BOTO IIOpsiKa Ha TOM >Ke 30HHOM IIJIACTHUHKE IIPHUBO-
IOUT K 06pa30BaHUIO LIEIIOYHOIIOL0OHOr0 ITyYKa C [HC-
JoKaller BOTHOBOTO ¢poHTa. Ha pHc. 2 mokasaHbI
«IUPpaKLMOHHbIE [epeBbs» AJid I1epBOr0 U BTOPOIO
cnydaeB. Kak BHUAHO M3 PHC. 2, OCHOBHBIM pa3JH-
4yhHeM MeXKAY OBYMs IIydKaMH SBJISeTCS HaJlh4yHe
TeMHOI0 KaHa/la Ha OCH IIy4YKa BJO/b HaIlpaBile-
HHUSL PpaCIpOCTpaHeHHs. I[IpUCYTCTBHe TeMHOTO
KaHaja CBHUIETENbCTBYeT O IPUCYTCTBUHU (a30BOH
CHHTYJISSPHOCTH.

C IOMOIUBIO YHCIEHHOTO MOAENIHMPOBAHUA DU~
pakums mydka Beccenst mepBoro mopsiika M3ydanach
Ha 30HHBIX IUIACTHUHAX C PAa3/IM4YHBIMH He4YeTHBIMHU
OTKPBITBIMM 30HaMHU PpeHensd. Ha puc. 3 mokasaHbl
«n1udpaKLMOHHbIe JepeBbsi» Iy4dKa beccemns IepBoro
nopsifika Ajisl 30HHOM IUIACTUHKU C II€PBOM U IISTOHU
OTKPBITBIMHU 30HaMHU PpeHesns, 1715 30HHOU I1aCTUHBI
C IepBOM U [eBSATOHM OTKPBITBIMH 30HaMU PpeHens
U U1 30HHOM IUIACTHHBL C II€PBOM U TPHHAJLIATOM
OTKPBITBIMU 30HaMH PpeHesns. IlapaMeTpsl Iydka
Beccenst M3MeHSsUIMCh TaKHUM obpa3oM, 4Tobrl obe-
CIIeYHTh IIPOXOKAEHHEe OJNHAKOBOM 3HEPrUHu 4depes
KOKIYIO M3 IBYX OTKPBITBIX 30H.

Kak cremyer u3 puc. 3, HoMepa BbIOPaHHBIX 30H
BIAMSIOT Ha MPOAOJBHBIM M IIOIEPedyHBIM pa3mep
KaIICyJl. YBeJM4YeHHe Pa3HMIb MeXAy HOMepaMHU
30H I[PUBOAUT K YyMEHBIIEHHUIO pasmepa KaIlCyIl.
Bce mocnepymoinye 4YMCIeHHBIe pacyeThl ITPOBOAM-

310 POTOHMUKA TOM 17 N2 4 2023

R, MM |R, mm

R, MM | R, mm

Puc. 1. 1306paxkeHue 6UHApHoOU amnAumyoHolU mMacku ¢ nep-
8ol u desssimoli omKpblmbimu 30Hamu ®OperHenst F=145 cm
Fig. 1. The image of the binary amplitude mask with the first
and ninth open Fresnel zones F=145 cm

zones. The same binary amplitude mask was used
in [11, 12, 20].

Diffraction of a Gauss beam by the zone plate,
depicted in Fig. 1, results in a chain of light capsules
forming a chain-like beam. Diffraction of the first-
order Bessel by the same zone plate leads to a chain-
like beam with a wavefront dislocation. Figure 2

r, MM | r, mm

Puc. 2. «[JuppakuuoHHble depesbs» 05 30HHOU NAACMUHKU
¢ nepaoli U desssmoli omKpbimbimu 30Hamu PpeHeAs: a) dug-
pakuus nyyka aycca; b) duppakuus nyuka Gecceas nepgozo
nopsioka

Fig. 2. Diffraction trees for the zone plate with the first and
ninth open Fresnel zones, a) Gaussian beam diffracts, b) the
first-order Bessel beam diffracts
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JHCh C 30HHBIMM IIJITACTUHKaMU
C IepBOH U [eBSITOM OTKPBITBIMH
30oHamMu PpeHessi, YTOOBI y4ecTh
IapaMeTphl 3KCIePUMEeHTAIbHOM
YCTaHOBKHU.

OTHOCHUTe/IbHOE KOJIHYeCTBO
SHEpPruH, Mpollefllell Yepes
IiBe OTKpBIThIe 30HBI OHMHApPHOM
AMIUIMTYJHOM MacKH, 3aBUCHUT OT
IIMPHHBI Jyda. YHCIeHHO M 3KC-
IepUMeHTa/IbHO ObIJIO ITOKa3aHo,
YTO YMeHbllleHHe HIHPUHBI ITyuKa
laycca IpUBOAUT K yBeTHUYEHHUIO
pasMepoB KaIICylIbl U TITYOHHBI
$OKyCHPOBKH,  YMeHBbIIEHHUIO
MHTEeHCHBHOCTH B 06/1aCTH poKyca,

a) r, MM | r, mm b) r, MM | r, mm ) r, MM | r, mm

HO He BJIHSeT Ha IIOJIOKeHHe Kall-
cynnl [12]. OTHOCHTeNbHBIE HOIHU Puc. 3. «Ju¢pakuuoHHble depesbs» ny4Ka becces nepgozo nopsioka 041 30HHOU
SHepruM, Ipolleflleld 4yepe3 [Be NAGCMUHKU ¢ nepeoli U nsmotli omKkpbimblmu 30Hamu OpeHens (a), 05 30HHOL
OTKpBITble 30HBI DpeHessi 30HHON NAGCMUHKU ¢ nepeoli U dessimoli omkpbimbimu 30Hamu ®perens (b) u 30HHoL
IUIACTUHBI, PasIHYHbL )1 IIy4YKa NAGCMUHKU ¢ nepsoli U mpuHaduamol omkpbimbimu 30Hamu dperens (c).
lFaycca u mydka beccerns 1epBoro PagHoe Konu4ecmeo ceemogoll 3Hep2uU NPoxoouno Yepes Kaxxoyro u3 dsyx
[IOpSAKA. OMKpbIMbIX 30H

PaccMOTpHUM BIIHSHUE KM PUHBL Fig. 3. The first-order Bessel beam diffraction trees for the zone plate with the
nmy4yka beccens mepBoro Iopsaka first and the fifth open Fresnel zones (a), for the zone plate with the first and the
Ha IIOIlepeYyHoe U IIPOMOJIbHOe ninth open Fresnel zones (b), and the zone plate with the first and the thirteenth
pacmpeneneHue HUHTEHCUBHO- open Fresnel zones (c). An equal amount of light energy passes through two open
CTU My4Ka. Kak BUAHO M3 pHUC. 4, zones

HM3MeHeHHe IIHUPHHBI Iy4YKa bec-
Celsl IIepBOrO IIOPSIAKA IIPHUBO-
IOUT K U3MEHEeHUI0 OTHOCUTETbHON noiu 3Heprud, || shows diffraction trees for the first and the second
IIPOXOJsIIel 4epe3 JIBe OTKPBIThIe 30HBI PpeHess. || cases. One can see from Fig. 2 that the main differ-
Ecnu paguyc mepBoro Koiblia ny4dka beccenst mepsoro || ence between the two beams is the presence of a dark
nopsiika paseH 2,3 MM (puc. 4a), To 3HadeHue 3Hep- || channel at the beam axis along the propagation direc-

R, MM | R, mm
R, MM | R, mm

a) R, mm |R, mm b) R, mm | R, mm

Puc. 4. OcseuweHHOCMb 30HHbIX NAACMUHOK ¢ nepeoli U 0egsimoli 0mKpbimbimu 30Hamu DpeHens: nyykom beccens nepgozo
nopsdxa: a))e//;=0;b))o/,=0,5; c) o/ ;=2,5

Fig. 4. The illumination of the zone plates with the first and the ninth open Fresnel zones with the first order Bessel beam:
a))e/);=0;b) ]/ );=0.5;¢) Jo/);=2.5
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UM, IlepelaBaeMOM uepe3 eBs-
Tyl0 30HY, OTHOCHUTEeJIBHO 3SHep-
THH, [IepefjaBaeMoM Uepe3 IIePBYI0
30HY Jo/J;=0, bymeT paBHO HYIIO.
Eciu  pagdyc IIepBOro KojbLiad
paBeH 3,45 MM (puc. 4b) u 4,6 MM
(puc. 4c), OTHOCHUTeNbHAsl [OJISI
3Heprus Oymer paBHa Jo/J;=0,5
U Jo/J;=2,5, COOTBETCTBEHHO.

Ha puc. 5 npencrasieHsl «aud-
PaKUHOHHBIE IepeBbsa» MydKa bec-
cejid IIepPBOrO IIOPAAKA AJIS ITydKa
C PaZMyCoM IIepBOrO KOJIbLiA, PaB-
HBIM 2,3 MM (puc. 5a), 3,45 MM
(puc. 5b) u 4,6 mm (puc. 5c). Kax
BUAHO M3 pHC. 5, H3MeHeHHe
paaMyca IIepBOTO KOjblid IIydyKa
beccens mepBoro Imopsinka, AUd-

r, MM | r, mm

parvpoBaBIllero Ha 30HHOM IIIa- Puc. 5. «Ju¢ppakuuoHHbie depesbsi» ny4ka beccens nepgozo nopsioka 0Ast nyuKka
CTUHKe, MOPUBOOHUT K H3MeHe- C paduycom nepeozo KoAbLd pagHbim 2,3 mMm (a); 3,45 mm (b); 4,6 mm (c)

HHUIO KOHTpAcTa MeXKAY TeMHBIMH Fig. 5. The first-order Bessel beam diffraction trees for the beam with the radius
Y CBeT/IBIMH YYaCTKAMH LIeIIOYHO- of the first ring equal to 2.3 mm (a); 3.45 mm (b); 4.6 mm (c)

1omo6HOro myvKa ¢ $pa3oBOM CHH-
TyASpHOCTBIO. EC/TH my4oK beccesns
OCBeIljaeT TOJIBKO IIepByI0 30HY ®peHens, «audpakiu- || tion. The dark channel proves the phase singularity
OHHOe JlepeBo» byneT moxoxe Ha AUGPAKIMIO Ha Kpy- || presence.
I7101 ameprype. CBeTOBbIe KaIlCy/ bl IOSIB/SIIOTCS NP We have studied the first-order Bessel beam dif-
yBeJIMYeHUH paJnyca IIepBOro Koiblia Iy4dka Beccens. || fraction by the zone plates with the different odd
Ecnu 4epes mepByio U JIeBATYIO 30HBI PpeHesns mpoxo- || open Fresnel zones by numerical simulations. Fig-
OUT PaBHOE KOJMYeCTBO 3HEPrUH,
TO KOHTPAcT MeXIy TeMHBIMH
067aCTSIMM U CBeT/IBIMH KaIICy-
naMu 6yleT MaKCUMaJIbHBIM. 1,0
[lpodunu 1my4KoB Ha Ppac-
CTOSSTHUU 1,26 M [ OBYX IIy4-
KOB C “OUQPAKIMOHHBIMU Jepe-
BbSIMU», M300pa’kKeHHBIMH Ha
puc. 5b u puc. 5c, mpencTaBIeHBI
Ha puc. 6. IIyHKTHUpHBIE JTHHHUH
Ha PHC. 5 IIOKa3bIBAIOT, YTO LIEHTP
CBETOBOM KaIICyJIBl PacCIIOIOKeH
Ha paccTossHUU 1,26 M. M3 puc. 6 0,2
BU/IHO, YTO IIPHU yBeJIMYeHHH 3Ha-
YeHHUS I1apaMeTpa Jo/J; KOHTPaCT- 0 | |
HOCTb yMEHbIIAeTCS . -1 -0,75 -0,5  -0,25 0 0,25 0,5 0,75 1
HccnegoBano BIMsAHHE QOKYyC- R iaREITn
HOIO PacCTOSIHHUSL 30HHOM IIIa-
CTHHBl Ha ¢IHPpaKLHOHHOE
JepeBo» Iy4YKa. Paguycel 1ep- Puc. 6. podunb ueno4HonodobHo020 Ny4Ka Ha paccmosiHuU 1,26 M 0AS1 pazAu4-
BOM UM [eBITOM 30H H3MEHSIUCh H020 paouyca nepgozo KoAbua ny4vka EecceA;l:a)jg/J,:O,S, b)}9/},=2,5
B COOTBETCTBHH C ypaBHeHHeM (1), Fig. 6. The profile of the chain-like beam at a distance of 1.26 m for the different
a TIapaMeTpsl IIyukKa beccens radius of the first Bessel beam ring: a) )4/ );=0.5, b) )9/ };=2.5
H3MEeHSJIUCh TakuM obpasom,

0,8

0,6

0,4

OTH. ef. | ab. units
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YTOOBI COXPAaHUTH 3HAUEHHUe Jo/]; HeM3MeHHBIM U PaB-
HeIM 1. Ha puc. 7 mpeacTaBieHBbl pe3yabTaThl KOM-
[IBIOTEPHOTO MOJeIUPOBAHHUS, IIyHKTUPHOM JTHUHHEeH
OTMEYeHO PacCTOsIHHE 1 MeTp OT 30HHOM IUIACTHHKH.
M3 pucyHKa 7 BUIHO, YTO YyBeJIMYeHHe (POKYCHOIO
PaCCTOSIHUS 30HHOM IUIACTHUHKU MIPUBOAUT K U3MeHe-
HMIO Pa3sMepoB U II0JI0KeHHUH KaIlcya. OIHAKO OCHOB-
HBIE XaPAKTePUCTUKHU JIy4a OCTAIOTCS HEH3MEeHHBIMH.
TakuM o6pa3om, MBI MOXKeM YIIPaBISTbh pa3MepoM
Y II0JIOXKEHHEeM KAaIICyJI, U3MeHAsS POKyCHOe PacCTos-
HHe 30HHOM IUIACTUHKH.

Pe3ynbTaThl KOMIIBIOTEPHOTO MOJEIMPOBAHUSA
[I03BOJIKJIM BBIOPATh IIapaMeTphl 30HHOM IUIACTHHKHU
U IIy4yKa beccens oy reHepalllH IT0JIBIX LIeII0YHOIIO-
TOOHBIX ITyYKOB.

SKCMNEPUMEHTAJIbHOE CO3AHUE
NMOJIOIro LLEMEOBPA3HOIO NMYYKA

Ha puc. 8 mpencraBieHa cxeMa SKCIE€PUMeHTallb-
HOM YCTAaHOBKH, IpeJHA3HAYeHHOMH IS TeHepalluu
M H3y4eHHs CBOHCTB IL[eIIOYHOIIOAOOHBIX Iy4KOB
¢ $a30BOU CHHTYISPHOCTHIO.

JlBe aMILIUTyJHBIe MacKH SIB/ISIOTCS KIIOUeBBIMH
3/IeMeHTaMH SKCIepUMEHTAJTbHON YCTAHOBKH.
[lepBast Macka - 3TO aMIUIMTyAHas Macka (Macka
Beccens), mony4deHHas caenyloImmuM obpasom. [Ba
Iy4YKa, a UMeHHO IIy4ok laycca u my4ok Beccens
IIePBOTO IIOpsSiAKA, HHTEePYEepPHUPOBAH B KOMIIBIO-
TepHOM D3KCIIepUMeHTe, a 3aTeM HeraTHBHOE H30-
OpaskeHHe HHTepdepeHIIMOHHOMN
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ure 3 shows the first-order Bessel beam diffraction
trees for the zone plate with the first and the fifth
open Fresnel zones, for the zone plate with the first
and the ninth open Fresnel zones, and for the zone
plate with the first and the thirteenth open Fresnel
zones. We altered the Bessel beam parameters to
allow an equal energy amount to pass through each
zone.

One can see from Fig. 3 that the number of chosen
zones influences the capsule’s longitudinal and trans-
versal size. The increase in the difference between the
zones numbers results in a decrease in the capsule
size. Considering our experimental setup, we have
carried out all the following numerical simulations
with the zone plates with the first and the ninth open
Fresnel zones.

The relative amount of energy passed through two
open zones of a binary amplitude mask depends on
the beam width. It has been demonstrated numeri-
cally and experimentally that a decrease in the
Gaussian beam width increases the capsule sizes
and the focus depth, decreases the intensity in
the focus’s region, and does not affect the capsule
position [12]. The relative portions of energy passed
through two open Fresnel zone of the zone plate are
different for a Gaussian beam and the first-order
Bessel beam.

Let us consider how the first-order Bessel beam
width influences the beam transverse and longitu-

KapTHHBL IIe4aTaJoch B YBeJlH-
YeHHOM pasMepe. PacreyaraH-
HOoe HeraTHMBHOe M300paxkeHHe
doTorpadupoBasock Ha IJIEHKY
C BBICOKUM pa3pemieHreM. YToObI
CreHepUupoOBaTh Iy4YOK beccens
[IepBOT0 IIOPsAKa, HCIIONb30Ba~
JIach IJIeHKa pa3mepa 3,5x2,5 cm?.
BTopasg Macka IpencTaBiser
co60i1 OMHAPHYI aAMIUTUTYLHYIO
MacKy pa3mepom 3,5x2,5 cm?
C IepBOM U [JeBSITOM OTKPBI-
TBIMH 30HaMU PpeHens U paau-
ycoM TIIepBOH 30HBl PpeHens
R;=0,96 MM, CreHepuUpOBaHHYIO
Ha KOMIIbIoTepe (256x256 IIHKCe-
JI0OB) W HalleyaTaHHYI0 Ha IIpo-
3pavyHOM IIJIEHKe C paspelleHHeM
600 Touek Ha foouM (puc. 2). [ns
reHepallMd IIy4Ka MCII0/Ib30Ba-
noch u3nydeHue He-Ne masepa
C IJIMHOM BOJIHBI 632,8 HM U MOIII-
HOCThIO 1,5 MBT.

Puc. 7. BAusiHue oKyCH020 paccmosiHUSi 30HHOU NAACMUHKU HA «QU@PAKULUOH-
Hoe depeso» nyuka (Jo/J;=1):a) F=0,9;b) F=1,2;¢) F=1,5

Fig. 7. The influence of the zone plate focal length on the beam diffraction tree
(o/);=1):a) F=0.9; b) F=1.2;¢) F=1.5
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JIa3epHBIN IY4OK C IIOMOIIBIO
ONTHUYeCKOHM CHCTeMBl PpaclId-
psacs mo 3 cM. PaclIMpeHHBIR
KOJUIMMHUPOBAaHHBIM  KOTepPeHT-
HBII MOHOXPOMAaTHYeCKHUH CBeT
B3aKMOJIEHCTBOBa/I C Mackok Bec-
cens. JUparMpoBaHHBIN IIYYOK
dokycupoBasicsi, U B QOKaIb-
HOM IIOCKOCTH C ITOMOIIBIO JHa-
dparmMpl M3 OUParMpoBAHHOTO
IIy4Ka BBIOENSICA HYKHBIM IIOPS-
JOK OUPpaKLUK. BblIeleHHBIN
my4ok beccenst mepBoro Imopsika
KOJJIMMHPOBAJICA K B3aHMOJek-
CTBOBaJI CO BTOPOM aMIUIUTYZ-
HOM MacKOH. 3HaueHHe J,/]; 6110
paBHO 7. Ilorepe4yHoe ce4YeHHeE
IIOTy4eHHOIO0 LIeII0YHOIIOL00HOr0o
nydyka c (asoBOM CHHTY/ISPHO-
CTbI0O PErHCTPUPOBAJIOCH C IIOMO-
mpio [13C-KaMephl Ha pa3/IM4HBIX
PacCTOSHUAX PaACIPOCTPAHEHUS.

He-Ne laser

deHa 8 mekcme)

CCD-camera

Puc. 8. SKcnepumeHmanbHas ycmaHosKa, ucnoAb3yemas 94 uccAedo8aHusl c8ol-
CMe noAbIX Leno4Honodo6HbIX ny4Kos (6oee N0APO6HAS UHGOPMALLUS npuse-

Fig. 8. The experimental set-up used to investigate the properties of the hollow
chain-like beams (more details are in the text)

Zone plate

Daiphragm

Bessel mask

[13C-kamepa (VEC-545) c moma-

1 |

|
-1 -0,75 -0,5 -0,25 0 0,25

R, MM | R, mm

Puc. 9. xcnepumermanbHoe (caesa) U paccHumanHoe
(cnpasa) pacnpedeneHue nonepeqHol UHMeHcugHoCMU
ny4Kka Ha paccmosiHuu 1,6 m, Jo/ J;=7

Fig. 9. The experimental (left) and calculated (right) beam
transverse intensity distribution at the distance of 1.6 m,
jg/J1:1
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dinal intensity distribution. One can see from Fig.
4 that the alteration of the first-order Bessel beam
width results in the change of the relative portions of
energy passed through two open Fresnel zone. If the
radius of the first ring of the first-order Bessel beam
is equal to 2.3 mm (Fig. 4a), the value of the energy
transmitted through the ninth zone relative to the
energy transmitted through the first zone J,/J;=0 will
be equal to zero. If the radius of the first ring is equal
to 3.45 mm (Fig. 4b) and 4.6 mm (Fig. 4c), the relative
energy will be J,/J;=0.5 and J,/];=2.5, respectively.

Figure 5 shows the first-order Bessel beam diffrac-
tion trees for the beam with the radius of the first
ring equal to 2.3 mm (Fig.5a), 3.45 mm (Fig. 5b), and
4.6 mm (Fig. 5¢).

One can see from Fig. 5 that the alteration of the
first ring radius of a first-order Bessel beam, diffracted
by the zone plate, results in the change of the contrast
between the dark and the light areas of the chain-like
beam with the phase singularity. If the Bessel beam
illuminates only the first Fresnel zone, the diffrac-
tion tree will be similar to the diffraction by a circular
aperture. Light capsules appear if the first ring radius
of the Bessel beam increase. If equal energy passes
through the first and the ninth Fresnel zones, the
contrast between the dark regions and the light cap-
sules will be maximal.

The beam profiles at the distance of 1.26 m for two
beams with diffraction trees depicted in Fig.5b and
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Puc. 10. iumepepeHuuoHHas kapmuHa ny4uka raycca

€ NOAbIM UeneqyHon0006HbIM ny4KOM

Fig. 10. The interference pattern of the Gaussian beam with
the hollow chain-like beam

ObIO H3o6pa>1<eHH51 5,81x4,29 MM? U IIMKCEIHBIMHU
3/eMeHTaMU 2592x1944, KaKApIM MTHKCeI pa3MepoM
IIPUMEPHO 2,2 MKM.

Ha puc. 9 mokasaHo IIoIlepeuyHoe paclpenesne-
HYe MHTeHCHBHOCTH IIyYKa Ha PAaCCTOSHHU 1,6 M.
JleBasi MOJIOBHHA H300pasKeHUSI - 3TO SKCIIEPHUMEH-
Ta/JbHOe H300paskeHHMe, a IIpaBasi II0JIOBHHA - pac-
CUMTaHHOe H300pakeHHe Ha TOM >Ke PacCTOSSHHUU
OT MacCKH U Jo/];=7. Puc. 9 meMOHCTpUpyeT L0CTa-
TOYHO XOpoIllee COOTBETCTBHE MEXKAY 3KCIIePUMeH-
TalbHBIMU M PACCUMTAHHBIMU pacIpefeeHUsIMHU
MHTEHCHUBHOCTH.

YTo6bI LOKA3aTh HATUUME JUCTOKALIUI B HCCIefye-
MOM ITyuKe, B 9KCIIEPUMEHTA/IbHYIO0 YCTAHOBKY OBLIH
nobaBeHbl ONTHYECKHEe 3JIeMeHTH, obpasyromiue
nHTepdepoMeTp. Jla3epHBIN Iy4oK OBLI pasfeneH
Ha [Ba Myd4Ka. [IepBBIM IY4YOK KCIIOIb30BAJICA [JI4
reHepallMHd MCCIelyeMOro Iy4yKa, a BTOPOM IY4OK,
PacIIMpeHHBbIH K KOJJIMMHPOBAaHHBIM, HUHTepdepu-
poBas C McClIeAyeMbIM Iy4YKoM. Ha pucyHKke 10 moxa-
3aHa MHTepoepeHUHOHHAas KapTHHa Iy4yka laycca
C TIOJIBIM LIeIIOYHOIIOAO0OHBIM ITydKOM. MHTepdepeH-
IIMOHHBbIe KapTHHBI Ha puc. 10a u 10b oguHaKOBEI,
HO IYHKTHPHAs JHHHS Ha puC. 10b mokassiBaer
[IOJIOKeHHUe «BHUJIKW». BuikoobpasHas AHCIOKALIMS
(puc. 10) c pasHHUIEH B OAHO IIEYO COOTBETCTBYET
$a30BOMYy MNPOKPYYHMBAHMHIO BOKPYT LIEHTpPa BHUXPA
Ha 2T 1 JIOKa3bIBaeT IPUCYTCTBHE $a30BOM JHCIOKA-
LMY B IIy4Ke.

C momomipio I13C-MaTpULBl ObUIO 3aperucTpu-
pOBaHO pacrpejejleHre HHTEHCHBHOCTH II0JIOTO
LIeII0YHOIIOA06HOro My4YKka Ha PacCTOSHHUIX 0T 100
o 201 cMm c marom 1 cm. YTobOBI IIOJIYyYUTh «IUG-
PakLMOHHOE [epeBO”», 3KCIIePHMEHTaJIbHO 3ape-
TUCTPUPOBAHHBIE pacIipeleeHus HHTeHCUBHOCTH

&

Fig. 5c are presented in Fig. 6. The dashed lines in Fig.
5 show that the center of the light capsule is located
at a distance of 1.26 m. One can see from Fig. 6 that if
the value of J,/J; increases, the contrast decreases.

We have researched the influence of the zone
plate focal length on the beam diffraction tree. We
have changed the radii of the first and the ninth
zone according to Eq. (1) and altered the Bessel beam
parameters in such a way as to keep the value Jy/J;
unchanged and equal to 1. Figure 7 shows the results
of the computer simulation. The dashed line marks
the distance of 1 meter from the zone plate. One can
see from Fig. 7 that the increase in the zone plate focal
length leads to a change in the sizes and positions of
capsules. However, the main beam features remain
unchanged. So, we can control the capsule’s size and
position by changing the zone plate focal length.

The computer simulation has allowed us to choose
the parameter of the zone plate and the Bessel beam to
generate the hollow chain-like beams.

EXPERIMENTAL GENERATION
OF THE HOLLOW CHAIN-LIKE BEAM
Figure 8 shows the experimental set-up designed to
generate and study the properties of the chain-like
beams with a phase singularity.

Two amplitude masks are the key elements of the
setup. The first mask is an amplitude mask (the Bessel
mask) obtained in the following way. We interfered two

R, MM |R, mm

-1 -0,75 -0,5 -0,25 O 0,25 0,5 0,75 1
R, MM | R, mm

Puc. 1. «Ju¢pakyuoHHoe depeso», NOCMPOEHHOe Ha 0CHo8e
3KCnepuMeHmMaAnbHblx ddHHbIX (cAe8a) U paccyumaHHoe yuc-
/NeHHo (cnpasa); F=1,46 m, )4/ },=7

Fig. 1. The diffraction tree, constructed from the experimen-
tal data (left), and calculated numerically (right); F=1.46 m,
Jo/ h=7
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obpabaTsiBanuCh CleAyomUM obpasom. M3 Kaxk-
noro u300paskeHHUs BBIOEISIICS YYacTOK, COOT-
BeTCTBYIOIIUM AHAMeTpPy IIydKa TaKuM obpasom,
4TOOBl TONMIMHA Ka’KIOLO yYacTKa COOTBETCTBO-
BaJla ofHOMY mnuKcento I13C-kamepsl (B peabHOM
cilydae). 3aTeMm, pasMelasi UX II0CIe[0BaTe/bHO
B IIOpsSiIKEe BO3PAaCTaHUSI PACCTOSIHUS z, QOPMU-
poBanK H300paskeHHe, IIpefCTaBIsSIONlee HYacTh
«TAPPAKLHOHHOIO JepeBa» HCC/IefyeMOro Iy4Ka.
B neBoit yactu puc. 11 mpexacraBneHsl obpaboraH-
HBble 3KCIIepUMeHTaJIbHbIe JaHHble. B IpaBou moso-
BHHe pHuC. 11 mmoKa3saHo «IHGPaKIIMOHHOE LepeBo»,
PaCCUHUTAHHOE YHUCIeHHO IIPU Tex Ke IapaMeTpax.
Kak BugHO M3 puC. 11, «audpaKkIHOHHOEe LepeBo»,
IIOCTPOEHHOe Ha OCHOBe 3KCIIepHMEeHTa/IbHBIX
OAHHBIX, OTOOpaskaeT OCHOBHBIE XapPaKTePHUCTHKHU
«IUQPAKIIMOHHOTO [epeBa», PACCUUTAHHOILO YHC-
JIeHHO, CBETOBOM IIY4YOK HAaIlOMHHAaeT LeIOYHYIO
CTPYKTYPY, & TeMHBIH KaHa/Jl Ha OCHU IIy4uKka CBHUJe-
TeJIbCTBYeT O HAJIMYUH BUXPS.

3AK/TIOMEHUE

Takum obpa3om, HccCIemoBaHA ANUPPAKLUS IIyIKA
Beccens mepBOro IIOpsAKa Ha 30HHBIX IIJIACTHUH-
KaX C ABYMS OTKPBITBIMU HeueTHBIMH 30HaMu $pe-
Hensl. Pe3ynbTaToM AHUQPAKLHU SIBASETCS LieNodv-
HOIIOZOOHBIM Iy4YOK CO BCTPOEHHOM [UCIOKALlHeH
BOJIHOBOTO (POHTA HWJIH IOJBIHA LEMOYHONomo6-
HBIM MY40K. YHCIeHHO MOKa3aHO, YTO HOMeEp BTO-
POM OTKPBITOM HedeTHOM 30HB dpeHenst BiuseT
Ha IPOAO/IBHBIN U IIOIEePedyHbIH pasMep KaIlCyHl;
a IMeHHO yBeJllMUeHHe Pa3HUIIBl MeXAy HOMepaMu
30H NPUBOJUT K yMeHbIIEHHIO pa3Mepa KaIlCyJIbI.
M3MmeHeHHe QOKYCHOTO PAaCCTOSIHHUS 30HHOM IIIa-
CTUHKH IIPUBOAUT K H3MEHEHHIO Pa3Mepa KaIlCybl;
H3MeHeHHe OTHOCHUTE/IbHOK OCBeIleHHOCTH [ABYX
30H IPUBOAUT K H3MeHEeHMHIO KOHTPAaCTa MeXIy
TeMHBIMH U CBeTJBIMHU obgacTamMu. OZHHAKOBOE
KOJIMYeCTBO SHEPrHUH, IPOXOASIIeH depe3 Kakible
IBe 30HBI, obecredrBaeT HAWIYUYIIHMH KOHTPACT.
[ToNBIM ILIeIIOYHOIOJOOHBIM ITy4OK 3KCIIepPUMeH-
TaJIbHO IIOJIYyYeH B pe3ylbTaTe OUPPAKLHU IIyUuKa
Beccensi mepBoro mopsiika Ha 30HHOM IIJIAaCTHHKeE
C OTKPBITBIMM IIepBOM M [eBITOM 30HaMu Ppe-
HeJsl. DKCIEePUMEeHTa/JIbHO [OKa3aHO MPHUCYTCTBHE
OUCIOKALlUK BOJTHOBOrO QPOHTEI M MCCIeHOBaHBI
OCHOBHBIe XapaKTepHUCTHUKH IIy4dKa; CpPaBHEHHe
pe3y/bTaTOB UMCJIIEHHOIO pacuyeTa M 3KCIepPUMEH-
Ta/IbHO IIOJIy4eHHBIX Pe3y/bTAaTOB JeMOHCTPHpYeT
NOCTAaTOYHO XOpoIllee COOTBeTCTBHe. MTak, mpen-
JIO)KeH HOBBIM MeTOJ, IeHepalluu II0J0T0 Ierod-
HOIIOZOOHOro Iy4Yka, HOBBIM MeTOJ peain30BaH
3KCIIePUMEHTAJIBHO.
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beams, namely, a Gaussian beam and a first-order Bes-
sel beam in a computer experiment and then printed the
negative image of the interference pattern in an enlarged
size. The printed negative image was photographed
using a film with high resolution. To generate the first-
order Bessel beam, we used that film 3.5x2.5 cm? in size.
The second mask is a binary amplitude mask 3.5x2.5 cm?
in size with the first and ninth open Fresnel zones and
the first Fresnel zone radius R;=0.96 mm, generated on
the computer (256 x256 pixels) and further printed on the
transparency with resolution 600 dpi (Fig. 2). We used
the output of a He-Ne laser with a wavelength of 632.8
nm and a power of 1.5 mW.

We expanded the laser beam by an optical system
to a width of 3 cm. The expanded collimated coherent
monochromatic light interacted with the Bessel mask.
The diffracted beam was focused to select the proper
order from the diffracted beam in the focal plane by
diaphragm. The selected first-order Bessel beam was
collimated and interacted with the second amplitude
mask. The value Jo/J; was equal to 7. We registered the
cross section of the resulting chain-like beam with
the phase singularity by a CCD camera at different
propagation distances. The CCD camera (VEC-545) with
an image area of 5.81x4.29 mm? and pixel elements of
2592x1944, each pixel of about 2,2 pm.

Figure 9 shows the beam transverse intensity distri-
bution at a distance of 1.6 m. The left half of the image
is the experimental image, and the right half is the
calculated image at the same distance from the mask
and Jo/J;=7. Figure 9 demonstrates a reasonably good
agreement between the experimental and calculated
intensity distribution.

We have installed additional optical elements form-
ing an interferometer into the experimental setup
to prove the dislocation presence in the beam under
investigation. We have split the laser beam into two
ones. The first beam has been used to obtain the beam
under investigation, and the second beam expanded
and collimated, has interfered with the beam under
investigation. Figure 10 shows the interference pat-
tern of the Caussian beam with the chain-like beam
with the phase singularity. The interference patterns
are the same, but a dashed line in Fig. 10 b shows
a “fork” position. A fork-like dislocation (Fig. 10) with
a difference of one arm corresponds to phase winding
by 2m around the vortex core and proves the vortex
presence in the beam.

Using a CCD matrix, the intensity distribution
of the hollow chain-like beam has been recorded at
distances ranging from 100 to 201 cm with a step of 1
cm. We have processed the experimentally recorded
diffraction patterns to obtain the diffraction tree in
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the following way. A section fitting the length of the
beam diameter has been selected from every diffrac-
tion pattern so that the thickness of each section cor-
responds to one pixel of the CCD camera (in the actual
case). Then, placing them consecutively in the grow-
ing order of z, the image representing a part of the dif-
fraction tree of the beam under investigation has been
built up. The left part of Fig. 11 presents the processed
experimental data. The right half of Fig. 11 shows
the diffraction tree calculated numerically under the
same parameters. One can easily see from Fig. 11 that
the diffraction tree, constructed from the experimen-
tal data, depicts the main features of the diffraction
tree calculated numerically, the light beam resembles
a chain-like structure, and the dark channel on the
beam axis demonstrates the vortex presence.

CONCLUSIONS

In summary, we have studied the diffraction of the
first-order Bessel beam by zone plates with two odd
open Fresnel zone. The result of the diffraction is
a chain-like beam with embedded wavefront disloca-
tion or a hollow chain-like beam. We have shown
numerically that the number of the second odd open
Fresnel zone influences the capsule’s longitudinal and
transversal size; namely, the increase of the differ-
ence between the zone numbers leads to a decrease in
the capsule size. The change in the focal length of the
zone plate results in the capsule size changing; the
variation of the relative illumination leads to the alter-
ation of the contrast between dark and light regions.
The equal energy passed through each two zone results
in the best contrast. We have experimentally gener-
ated a hollow chain-like beam using the first-order
Bessel beam diffraction by zone plates with the first
and the ninth open Fresnel zones. We experimentally
have proved the dislocation presence and studied the
main features of the beam; a comparison of numeri-
cally calculated results and experimentally obtained
results demonstrate sufficiently good agreement. So,
we proposed a new approach to hollow chain-like
beam generation and used this approach to generate
the beam experimentally.
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