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GENERATION OF AN ARRAY OF VECTOR BOTTLE BEAMS
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In present work an experimental method of formation of an bottle beam array by focusing an array of N
uniformly-polarized Gaussian beams passed uniaxial crystal is considered.
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INTRODUCTION

The possibility of manipulation of micro particles with the help of light [1] is one of
the most topical researches in modern optics. Optical tweezers manipulate colloidal
microscopic particles, life cells, nano- and microparticles, single molecules and atoms,
which find wide applications in modern microbiology and micro engineering. For creating
an optical potential well and achieve fully three dimensional trapping, the so-called
optical bottle beam have been proposed, i.e. beams with a finite axial region of low
intensity surrounded in all dimensions by area of high light intensity [2, 3]. In works [4, 5]
it was shown, that the speckle pattern of a coherent beam from the surface of diffuser
could be used for trapping of a great number of micron sized particles in air. However this
type of multi tweezers is sensible to any shift of the diffuse screen, so it’s not possible to
realize changes of trapped particles position.

In present work the method of generating an array of bottle beams using an uniaxial
crystal is demonstrated.

1. FORMATION OF SINGLE BOTTLE BEAM BY UNIAXIAL CRYSTAL

The main feature of bottle beams is closed 3D area of low intensity inside light focus.
An uniaxial crystal could serve as basic element for realization of practical generation of
such beams [6, 7, 8]. In works of Chiatonni, prof. Volyar, prof. Fadeyeva, prof. Shvedov it
has been shown theoretically and experimentally that the propagation of circularly
polarized beam along the axis of an uniaxial crystal in an orthogonal with respect to the
initial circularly polarized component optical vortex is born, its topological charge differs
from the charge of the initial beam in two units. In the basis of the formation of an optical
vortex in this case is the law of conservation of the projection of the total flux of angular
momentum of the beam to the optical axis of the crystal [9].

Consider the case when initial beam on crystal is the circular polarized Gaussian
beam. Circularly polarized Gaussian beam in crystal could be described as superposition
of ordinary and extraordinary beams, which have different beam waists [6, §].
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As the result of focusing of the beam exit uniaxial crystal there are clearly observed
two focuses with different polarization distributions separated by the region of low
intensity, i.e. bottle beam [8]. Computer modulation of longitudinal and transverse
intensity distributions is shown in Fig. 1 (a, b). The distance between two waists in such

beam is defined as: 26 =d(n —n’)/(n.n), where n, and n. are ordinary and
extraordinary refractive indices, d is the thickness of the crystal. Thus the distance
between beam waists depends not only on birefringence properties of the crystal but and

on its thickness. L.e., it is possible to change the properties of the formed bottle beam by
changing geometrical parameters of optical system for its generation.
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Fig. 1. Theoretical calculation (a), (b) of longitudinal and transverse intensity
distributions in bottle beam. On (b) are presented pictures of polarization distribution in
the areas of the beam waists.

Let us answer the question, is it possible to form an array of bottle beams in the
following manner.

2. GENERATION OF AN ARRAY OF 3-DIMENSION BOTTLE BEAMS

The computer generated diffraction element, constituted screen with N regularly
arranged pinholes, allows to split initial laser coherent beam into N Gaussian beams.

An equation for the general wave function of an array in free space can be presented
in the following way:

v=) v, (1)

where N — number of the local beams in array, n — index of each beam.
As it was shown in [10] the incline of the paraxial beam axis at a small angle is
equivalent to the shift of the y-axis of the beam to the imaginary part on the distance iaz, .
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Thus the wave function of the n-th inclined beam in an array could be written as the
following expression:
2 2 : 2
1 a’z Xy +(yy +10zg) .
¥, =—exp(-k——)exp(———5 )exp(—ikz) @)
oy 2 e

Coordinates of n-the beam are written the following way:
{xnr =X, CosQ, +y,sing, +1,

Yn =Yn COSQP, —X; sin(on

€)

where @, =2¥ﬂn, Z =kp2/2, k=2z/A is wave number, A is wave length,

c=1-i2.
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We work in paraxial regime, so we consider sina = «, & is the inclination angle of
the beam axis to the optical axis of the hole system.

Let’s consider propagation of an array of Gaussian beams (1) in crystal. In work [10]
it was shown, that for a given crystal length there is an optimal inclination angle & when
the output beam contains an isolated single charge vortex on its axis as in the case of on-
axis propagation of circularly polarized Gaussian beam. So for small inclination angle the
ordinary and extraordinary polarized beam components propagate together along the
optical axis of the inclined beam, and the conservation law is done. Thus for a small
inclination angle of each beam in an array the focusing of the crystal-propagating beam
array can shape an array of isolated “bottle beams”.

For experimental study of the beam array evolution and formation of bottle beam
array we have used an experimental setup shown in Fig. 2.
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Fig. 2. Experimental set-up: laser with the wave length 41=634nm; D — amplitude
screen; P — polarizer; A/4 — quarter wave plate; Cr — uniaxial crystal; L1, L2 — focusing lenses.
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The polarization filter, consisting the polarizer and quarter wave plate transforms
initial Gaussian beam array after amplitude screen (with N pinholes) into circularly
polarized. The circularly polarized array is focused by the lens L1 into the uniaxial crystal,
and the propagation axis of the whole array of Gaussian beams coincides with the optical
axis of the crystal.

As in previous case each circularly polarized Gaussian beam of an emerged array
after crystal could be described as superposition of ordinary and extraordinary beams,
which focuses are situated in different distances from the focusing lens L2. Experimental
results are shown in Fig. 3 (transverse intensity distributions of an array of bottle beams)
are presented in Fig. 3.

(a)

(b)

(c)

Fig. 3. Experimental transverse intensity distribution of array with N = 2 bottle beams
(a), array with N = 3 bottle beams (b) and array with N =5 bottle beams (c).

As it could be seen the result of focusing of Gaussian beam array exit uniaxial crystal
is the formation of an array of bottle beams.

CONCLUSION

In this work is suggested an experimental method of generation bottle beam array by
using uniaxial crystal. Such structures of the vector beams could be used in various
applications of optical trapping and manipulation of microparticles. This method could be
used both with coherent and temporarily coherent laser beams.
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Y poOOTi mpeACTaBICHO EKCIEPHUMEHTANBHUI MeTo] (OPMYBaHHS MACHBIB IUISIIKOBHX MYYKiB B XOIi
(hoxycyBaHHA MacuBy N TayciBCBKUX ITy4KiB, SIKi MPOMIUIM Y3ZOBX ONTHYHOI OCi OJHOBICHOTO KPHCTAIY.
Tlono0HI CTPYyKTYypH BEKTOPHHMX ITy4KiB MOXXYThb OyTH BHKOPHCTaHI B Pi3HOMAHITHHX cdepax ONTHYHOTO
3aXOILTIOBAHHS Ta MaHIIYJIIOBaHHS YacTKaMH MiKPOHHOTO po3Mipy. OCHOBHa OCOOJHMBICTD MPEACTABICHOTO
METOJy € Te, IO BiH MOXKe OYTH 3aCTOCOBAHHWH SIK JJIsI KOTEPEHTHOTO TaK i JJIS 4aCTKOBO-KOTEPEHTHOTO
JIa3ePHOTO BUIPOMIHIOBaHHS.

Knruosi cnosa: 0THOBICHHN KPUCTAN, MACHB IUIALIKOBUX ITY4YKiB.

Iloctka H. B. I'enepanusi MaccuBa BeKTOPHBIX O0yThLI04HbIX MyuykoB / H. B. Illoctka, B. W. IllocTka,
M. UBanoB // YueHsle 3anucku TaBpHYECKOrO HAIIMOHAIBHOTO yHHBepcuTera uMenu B. W. Bepraackoro.
Cepust : dusnko-mareMarnueckue Hayku. — 2014. — T. 27 (66), Ne 2. — C. 23-28.

B pabote mperncraBieH SKCIEpUMEHTAIBHBIH MeTOx ()OPMHUPOBAHUS MAcCHBa OYTBIIOYHBIX ITyYKOB IIPH
¢okycupoBke MaccuBa N ['aycCOBBIX MyYKOB, IMPOIISIIINX OJHOOCHBIH KPUCTAJUI BJOJNH €r0 ONTHYECKOH
ocu. IlomoOHBIE CTPYKTYpHI BEKTOPHHX ITy4KOB MOTYT 0aTh WCIIOJB30BaHBI B pA3IMUHBIX  cdepax
ONITHYECKOTO 3aXBaTa M MAaHUITYJHPOBAHUS YacTHIAMU MIKPOHHOTO pa3mepa. OCHOBHOII OCOOEHHOCTBIO
MPEICTaBICHHOTO METOMA SBISETCS TO, YTO OH MOXET 0aTh MPMEHEH KaK IJIsI KOTEPEHTHOTO TaK M YaCTHHO-
KOTEPEHTHOTO JIA3€PHOT0 U3ITyIEHHS.

Kniouesvle cnoea: omHOOCHBIH KPUCTAIII, MACCHB OYTBUIOTHBIX ITyIKOB.
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