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GENERATION OF FRACTIONAL OPTICAL VORTICES
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We have made a theoretical modeling of the evolution of a monochromatic Gaussian beam diffracted by the
angle formed by three sides of the phase wedge different types. We have found that the edges of the phase
wedge generate macroscopic chains of identical optical vortices that disappear at the far field zone. At the
same time, the m -phase plate can reproduce a very complex wave field whose structure depends on the scale
of observation. At large scales there appear two m -cuts resembling broken edge dislocations with
perpendicular directions. At small (some microns) scales two short vortex chains consisting of alternating-sign
optical vortices are nucleated near the corner of the wedge. The analysis shows that the sizes of the chains
decrease quickly when approaching the wedge surface. This enables us to assume that the = -phase plate can
create so-called optical quarks in the evanescent waves of the edge field.

On the basis of theoretical considerations experiment was conducted in which were obtained fractions optical
vortices at the edge of the phase wedge.
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1. INTRODUCTION

It is well known [1] that the diffraction process reproduces geometry of the edges of
obstacle that scatters incident monochromatic beam. For example, a straight edge of a
slab-sided phase plate begets a set of rectilinear diffracted maxima and minima parallel to
the edge. However, even a very small disturbance of slab-sidedness leads inevitably to
breaking the former symmetry down. There appears a new, hidden symmetry of the
diffracted field, structural sells of which are optical vortices. Indeed, a slab-sided phase
plane turns into a phase wedge, while the rectilinear diffracted maxima and minima are
transformed into chains of optical vortices along the wedge brink [2—4]. The nature of
such threaded vortex structure is rather simple. The brink of the wedge tears the wave
front out, whereas the slope of the wedge medium entails smooth phase changing. If we
go around some axis perpendicular to the wedge base, though passing through the wedge
brink along a closed contour, we will find that the phase incursion can reach the value 2n
at a definite contour radius. This is a necessary condition for nucleating an optical vortex
with an integer topological charge at the corresponding site of the wave front in the
propagating beam. Since the extension of the wave front is much larger than the
wavelength of the incident light, a whole chain of identical optical vortices will spring up
at the wave zone of the diffracted beam.

Generally speaking, the phase wedge can be treated as an involute of a spiral phase
plate [2] for generating optical vortices. However, such an involute presupposes a
presence of all four edges of the wedge. It is these edges that bring additional
perturbations into the symmetry of the diffracted beams in the shape of hidden chains of
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the optical vortices. As a rule, such additional vortex chains can stretch over
comparatively short lengths (several wavelengths), being got lost in the general diffraction
pattern.

However, sometimes they come to the foreground, breaking the basic diffraction
pattern down. This takes place, e.g., when the optical vortices with fractional topological
charges are generated. Some fragments of this phenomenon have been considered by
Berry [5] on the example of a spiral wave plate with a fractional topological charge. The
fact is that the spiral phase plate with the phase step being equal to a multiple of 27 is
intended for shaping integer-order optical vortices [6]. It would have been logical to
assume that the spiral phase plate could generate the fractional-order optical vortices. As
far back as in 1995 Soskin has shown [7] that computer-generated optical vortices can
bear fractional topological charges, though remaining structurally unstable, while Berry
[6] has described destruction of the fractional-order vortices into chains of integer order
optical vortices in the Gaussian beam evolving in the free space. Recently it has been
shown that the phase singularities can nevertheless exist at sufficiently large distances in
so-called error function beams [8].

The aim of the present study is to trace the evolution of the vortex chains in the beam
diffracted by the edges of the optical wedge, including the angles of slab-sided phase
plates, which originate from nucleation of the fractional-order optical vortices.

1. GAUSSIAN BEAM DIFFRACTED BY THE PHASE WEDGE

Let us consider a monochromatic Gaussian beam passing through a transparent
dielectric phase wedge (with the refractive index n ) lodged in a vacuum as shown in
Fig. 1, aand b. The phase wedge is characterised by the two angles « and £ and the basic
height h. The axis of the Gaussian beam is directed along the verge of the wedge.

light beam

light beamn

\/

Fig. 1. Different types of phase wedges: (a) «, >0, (b) a, S <O0.
We deal in fact with five principal waves: two waves are reflected by the wedge
along the x and y directions, one of them passes through the free space, and the remaining
two are boundary waves diffracted by the two wedge brinks. Typical diffraction patterns
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for different wedges (see Fig. 1, a, b) are shown in Fig. 2. Far from the verge of the wedge
(at x =y = 0), the diffraction pattern is shaped by only three waves: a free propagating
wave, a reflected one, and a boundary wave diffracted by the wedge brink (at either x =0
or y = 0). We observe here two sets of identical optical vortices along the brinks of the
wedge. The principal condition for shaping a vortex is that the pass-by along a circle of
radius O r around the vortex axis must get the phase incursion equal to 2z. In fact, the
boundary wave forms a set of parallel lines of equal phases and amplitudes. The two other
waves also form a set of such lines which are inclined at some angle with respect to the
first ones. The vortex is nucleated when the amplitudes of these two wave combinations
are the same and the phase difference is equal to 7. However, the mutual tilt of the
equiphase lines results in perturbing the vortex form, the vortex becoming the elliptical
one. In order to flatten the vortex shape, the radius 0 r of the pass-by and the beam waist
radius O w are to be equal to each other.

The structure of the beam field near the verge (at x = y = 0) is defined by the phase
A® and the signs of the angles « and £ (see the framed patterns in Fig. 2).
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Fig. 2. Distributions of intensity | and phase ® after diffraction of the Gaussian beam
by the phase wedge with the equal angles a =/ between the verges (z=0.1 mm and
Wo =1 mm).

2. SLAB-SIDED PHASE PLATE

An ordinary slab-sided phase plate is a habitual optical element used, as a rule, in
optical interferometers or similar devices for introducing desirable phase differences.
However, in our case the slab-sided phase plane manifests unusual properties.

A typical pattern for the Gaussian beam diffracted by the verge x =y = 0 of the
7 -phase plate is shown in Fig. 3. It seems at the first glance that the black lines along the
brinks x = 0 and y = 0 of the plate are two broken edge dislocations with orthogonal
directions and the origin located at the point x =y = 0. However, the beam field at a small
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scale (see the framed pictures in Fig. 3) turns out to be of a complicated singular structure.
There are two short vortex chains near the beam axis. The distance between two
neighbouring vortices shortens quickly as the coordinates along the x and y axes increase.
The vortex chains vanish far from the beam axis and the equiphase lines smooth gradually
out. This means that the = -phase plate can never introduce the exact = -phase shift into
the beam (i.e., an edge dislocation), even in a purely theoretical case. The latter represents
a result of the edge effect.

When the beam is propagating, the singular structure does not change, as shown in Fig. 4.
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Fig. 3. Distributions of intensity | and phase @ after diffraction of the Gaussian beam
by the 7 -phase plate & = =0 and 4® = ).
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Fig. 4. Evolution of singular structure along the Gaussian beam diffracted by the
n -phase plate (wo = 0.5 mm).

16



GENERATION OF FRACTIONAL OPTICAL VORTICES

The observable variations of the field structure for the evolving beam are due to
changing transverse field scale, whereas the solid angle of the beam divergence remains
constant. In contrast to the phase wedge, near the axis of the = -phase plate we observe a
structurally stable topological dipole consisting of two oppositely charged optical vortices.

3. EXPERIMENTAL VERIFICATION OF THE THEORETICAL MODEL

The theoretical results [9] described above are in need of experimental verification.
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Fig. 5. The sketch of the experimental setup: (He-Ne) laser, (Bs) (beam splitting),
(W) wedge, (L) lens, (M) mirror, (CCD) CCD camera.

The parallel Gaussian beam is incident on the angular edge of a dielectric wedge,
which is diffracted. After passing through the dielectric wedge beam passes through the
lens, whereby it is aligned. Further the MachZander interferometer distributing vortices in
the field.

In Fig. 6. located behavior vortices generated on the dielectric wedge. In Fig. 7. is
the interference pattern corresponding to Fig. 6.

Fig. 6. Behavior vortices generated on the dielectric wedge.
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Fig. 7. The interference pattern corresponding to Fig. 6.
CONCLUSION

On the dielectric wedge can highly efficient generation of optical vortices with
fractional topological charges.
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KoBaasoBa I'. O. I'enepauis apionux onruunux BuxopiB / I'. O. KoBanboBa, A. A. MapkoBcbKHi,
, O. ®. Pubace // Bueni 3ammckm TaBpilicbkoro HaIliOHATBHOTO YHIBEPCHTETY iMeHi
B. I. Bepuaacekoro. Cepist : @izuko-maremarnyni Hayku. — 2013. — T. 26 (65), Ne 2. — C. 13-19.

B pamkax mapakciaqbHOrO HAaOMIDKEHHS B POOOTI PO3MIISTHYTa €BOJIOLSS MOHOXPOMATHYHOTO I'ayCiBCHKOTO
MpoMeHs, Au(pParoBaHOro Ha KyTi, cOPMOBAHOMY TpPbOMa TPaHSAMH KIHMHIB pi3HOTO THUIly. BusBieHo, mo
Kpai (a30BOro KJIMHA T€HEPYIOTh MAKPOCKOMIYHMH JIAHIIOKOK 1IEHTUYHUX ONTHYHHUX BHXOPIB, IKi 3HUKAIOTh
y nanekiit 30Hi. Pazom 3 THM, T -(a30Ba IIaCTHHKA MOXE PETPOLYKYBATH CKJIAIHY CTPYKTYPY XBHIBOBOTO
MOJIS, SIKa 3QJISKUTH Bif MacmTaly CIOCTepeXeHHs. Y BEIMKMX Macmrabax BHHHMKAE JBa T -3pi3H, SKi
HaragyloThb 3J1aMaHi KpaWoBi IUCIIOKAaIil 3 MepneHIUKYJSIpHUMH HanpsMkamu. Ilppm mammx Macmrabax
(xibKa MIKpOH) J1Ba KOPOTKHX JIAHIIO)KKM BHXOPIB 3 NMPOTHJISKHUMH 3apsiiaMy, SKi 3apOJPKYIOTHCS Oinst
KIMHY. SIK BHIUTHBaE 3 aHallidy, po3Mip JaHIIOXKKIB IIBHIKO 3MEHIIYETHCS MPH NPSIMyBaHHI /0 MOBEPXHi
KinHy. Ile m03Bosie HAM MPUMYCTHTH, IO 7 -(ha30oBa IUIACTMHKA MOYKE CTBOPIOBATH TaK 3BaHi OMTHYHI
KBapKU B €BAHECIIEHTHUX XBHJISIX Ha TPAHUIL TOJIS.

Ha mizncTaBi TeopeTnyHUX mepeayMoB OyB NMPOBEIEHHH €KCIEPUMEHT B Pe3yJIbTaTi, SKOro, OyiIu OTpHUMaHi
IIpoOOB1 ONTUYHI BUXOPU HA Kparo (pa30BOTo KIHHA.

Knrouoei cnosa: dha3oBuii KIMH, ONTHYHAN BUXOP, ONTHYHUAHN KBapK.
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KoBasieBa A. O. I'enepanusi apodubix ontudeckux Buxpeid / A. Q. KosajeBa, A. A. MapkoBckuii,
, A. ®@. Puibach // Vuenble 3anucku TaBpHueckoro HalLMOHAJIBLHOIO YHUBEPCHUTETa MMEHH
B. U. Bepraackoro. Cepus : ®uznko-matematndeckue Hayku. — 2013. — T. 26 (65), Ne 2. — C. 13-19.

B pamkax mapakcHalbHOTO MpPUONMKEHHS B pabOTe pacCMOTPEHa SBONIONHS MOHOXPOMATHYECKOTO
T'ayccoBoro myuka, qupparupoBaHHOTO Ha YTy, COPMHUPOBAHHOMY TpeMsI IpaHsSIMH KIHHBEB PA3HOTO THIIA.
OOHapyxeHO, 4YTO Kpass (ha30BOr0 KIMHA TE€HEPUPYIOT MAaKpPOCKOIMHMYECKYIO IeTOYKY HISHTHYHBIX
ONTHYECKMX BUXpEH, KOTOpHIE HMCYE3al0T B JaiibHeil 30He. Bmecte ¢ TeM, m-(a3oBas IIaCTHHKAa MOXET
PEnponyMPOBaTh CIOXHYIO CTPYKTYpPY BOJIHOBOTO IOJISI, KOTOpas 3aBHCHT OT MaciuTaba HaOmoaeHus. B
GonpInx MacimTabax BO3HHMKAaeT 1Ba T-Cpe3a, KOTOpbIE HAINIOMHMHAIOT CIOMaHHbIE KpaeBble IHUCIOKALUU C
MIePIICHANKYJISIPHBIMU HanpaBieHUsAMH. [Ipu Majblx MaciuTabax (HECKOJIBKO MUKPOH) JBE KOPOTKHE LIETIOYKU
BUXpEH C MPOTHBOIOJIOKHBIMH 3apsi/ilaMH, KOTOPBIC 3apOXkKIaloTcs y kinHa. Kak cineayer U3 aHanmusa, pasmep
LeTI0YeK OBICTPO YMEHBINAETCS NP JBIKEHHH K ITOBEPXHOCTH KJIMHA. DTO MO3BOJISAET HaM HPEIIIOIO0XKHUTD,
41O T-(pa3oBas IIIACTHHKA MOXKET CO3/1aBaTh TaK Ha3bIBaeMbIe ONTHYECKNE KBAPKH B 3BAaHECIIEHTHBIX BOJHAX
Ha IpaHUIE OIS

Ha ocHOBaHMH TEOPETHYECKHX IPEIIIOCHUIOK OBUT MPOBEIEH JKCIEPHUMEHT B pe3ylibTaTe, KOTOPOro, ObUIN
HOJTy4YeHBI IpOOHBIE ONTHYECKNE BUXPHU Ha Kparo (a30BOro KIMHA.

Knrouegwie cnosa: GhazoBblil KIIVH, ONTUYECKHI BUXPb, ONTHYECKUH KBAPK.
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