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1. Introduction

Trapping and manipulation of particles with optical twesaeas first demonstrated more than
two decades ago [1] and it remains a very active field of rebeaowadays [2]. Optical tweez-
ers[3, 4, 5, 6] utilize the gradient optical forces (or rdidia pressure) to confine transparent
particles as well as atoms, molecules, cells, colloidgbensions, etc. Depending on the rela-
tive refractive index of a particle and the surrounding medithe particles are trapped either
in the intensity minima or maxima of the beam [7]. Typicabytical tweezers manipulate mi-
croscopic objects in a planar geometry, and the partickes@nfined in a thin layer defined by
the focal area of the beam. In order to create an optical patemell and achieve fully three
dimensional trapping, the so-callegtical bottle have been proposed [3]. Latter on the term
“optical bottle beam” was introduced to describe a beam witimite axial region of low (and
even zero) intensity surrounded in all dimensions by lightd, 10]. Such bottle beams could
be used to confine and transport a large number of particla®ors [4, 8].

A number of different techniques has been proposed to genieodtle beams. This includes
mechanical angular scanning of a laser beam [11, 12] andsbefioptical diffractive ele-
ments such as holograms and phase plates to form a desited fadial structure. Many of
these techniques involvwertices, i.e. optical beams carrying phase singularities. Theexort
beam possesses a core with a vanishing intensity whichideisievith the location of the phase
singularity; the vortices are routinely generated by the afgohase masks, spiral phase plates,
or spatial light modulators [13, 14, 15]. It has been shovat,thimilar to the optical spin mo-
mentum [16], the orbital angular momentum [17] carried e\thrtex beam can be transferred
to trapped particles inducing their rotation [18, 19].

Most of the realizations of optical tweezers and bottle beamploy coherent light being
sensitive to phase distortions and leading to deteriaratiothe trapping[[20, 21, 22]. This
problem can be remedied by the use of light with partial sppatnd temporal coherence. Re-
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Fig. 1. Experimental setup: 1, halogen white-light source; 2, bundbeutti-mode optical
fibers (D=5mm); 3, IR filter; 4, microscope objective; 5, aperturen(g); 6 and 12, polar-
izers; 7 and 11, achromatic quarter-wave plates; 8 and 10, collimatisedef, uniaxial
crystal (CaCQ); 13, projection lens; 14, color filters; 15, color CCD.

cently, it was shown that focusing of the spatigirtially incoherent light beam by an axicon
leads to the formation of a bottle beam [23] 24]. Also, it waggested that angular momentum-
carrying bottle beam could be formed by using a partiallyezeht vortex beam [25, 26].

In this paper we demonstrate experimentally an efficienhotfor generating optical bottle
beams by propagating a circularly polarized Gaussian béaough an uniaxial crystal and
generating white-light incoherent optical vortices [28,/29]. We study the intensity distribu-
tion and spatial correlation properties of the field inside focal region and show that the size
and shape of dark focus of the incoherent bottle beam isrdeted by the focusing conditions
and the length of the uniaxial crystal.

2. Experimental generation of polychromatic incoherent optical bottle beam

Typically, optical vortices are generated by using holaggar spiral phase masks which upon
transmission of light impose the desired helical phasesira [13]. Recently, we have demon-
strated that white-light vortices can be generated by tnéttiag a circularly polarized beam
through an uniaxial crystal [28, 29], and we employ this apph here.

The experimental setup is shown in Fig. 1. We use white liginegated by a halogen lamp
(power 50 W, angular divergencé)&s a light source. The light from the lamp 1 passes first
through the bundle of optical fibers 2 (with aperture 5 mm) iresh through the infra-red fil-
ter 3 which results in the spectral range of 450 - 800 nm. Thaerbis then collimated by the
micro-objective 4 and aperture 5 acquiring almost Gaussiansity profile. After the aperture
the light passes through a polarizer 6 and achromgticplate 7 attaining circular polarization.
Subsequently, the beam is focused by lens 8 (f = 50 mm) ontmiaxial calcite crystal 9 with
the optical axis oriented along the beam propagation. @upiopagation through the crystal
the polarization of the beam becomes elliptical with eiifty depending on the distance. At
the output of the crystal the light is collimated by a positiens 10 (f = 50 mm) and then passes
through anothehd /4 plate 11 and polarizer 12. After adjusting the orientatibthis polarizer,
the outgoing beam acquires the structure of a linearly padrdouble-charge incoherent opti-
cal vortex|[27, 28, 29]. The vortex core size and the Rayl&glyth of the beam are determined
by the crystal length. In the experiments discussed hereseéwp crystals of different length,
(10x10x9 mn) and (10<10x1 mn).

Earlier we demonstrated that the near-field intensity fireovith on-axis dark region can be
recovered by the beam focusing even after incoherencesémbvortex wash-out [29]. Here we
use this feature for generating the bottle beams. The imeaheortex beam propagates through
the lens (f=50 mm) placed at the distartbe170 mm from the collimator. After reaching the
lens, the beam is spatially homogeneous and no vortex stalstvisible (see Fig. 1) indicating
its high degree of incoherence. The coherence radius imtage plane of the lens is evaluated
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Fig. 2. Experimental longitudinal and cross-section distribution of intertdifyarticular
coherence optical vortex near the focal region. The distance betiveartex formation
plane and focusing lens (f=50 mm) is 170 mm. The dark core diametehéolabeled
cros-sectionsis: | - 16Qm; Il - 180 um; 11l - 200 um; IV - 200 um; and V - 150um.

to bep =~ 11um which is much less than the diameter of the beam (0.9 mm)mgakvirtually
incoherent. The beam is then transmitted through the ledeenives freely. It is well known
that before reaching the focal caustic the vortex strudgtumet visible [30]. It starts to reappear
in the focal region being fully recovered in the image plasee(Figl 2). This effect points
to a simple tool for recovering the hidden information abth vortex core, otherwise only
available from the analysis of the cross-correlation fiomcf31, 32].

The transverse spatial distribution of the light intengifythe focal caustic of the lens is
registered by a CCD camera that can be translated along #me &eis. In order to observe the
longitudinal cross-section of the generated bottle bearagyse a glass cuvette filled with 1%
liquid solution of polystyrene nanoparticles (50 nm in deter). When the beam propagates
through the cuvette the side-mounted camera records trgeip@duced by the transversely
scattered light. Experimental results for 9 mm — long urdbgiystal are shown in Fig. 2. The
central part of this graph contains a side view of the liglemsity distribution (bottle beam)
while the insets depict its transverse cross-sectionealifferent axial locations.

The dark focal region surrounded by higher intensity lightidirect evidence of the in-
coherent bottle beam. By varying the degree of coherence netlfiat both transverse and
longitudinal dimensions of the dark focal region increasth\an increase of the correlation
length of the incident light [33]. Moreover, we find that thghit intensity surrounding the dark
focus in the transverse and longitudinal directions ineesaand decreases with the decrease of
the correlation length of the incident beams, respectiviadyrFig.[2 shows, the size and shape
of the dark focal area in the incoherent vortex beam dependbevortex generation condi-
tions. According to Ciattonét al. [27] the longer the propagation of the Gaussian beam in an
uniaxial crystal the higher the maximum intensity of the grated vortex. Furthermore, the
effective energy conversion of the Gaussian beam into axasthigher for longer propagation
distances. As a consequence, the length and transversef simedark area of the incoherent
vortex bottle beam depends on the length of the uniaxiatakys

In order to characterize the spatial structure of the erpemially created dark region of the
bottle beam, we employ the measure of visibility for an agticortex in the incoherent beam
defined in the following way: for a given two-dimensional igeeof the beam cross-section we
record a numbem(= 1,2...N) of the radial intensity profiles. Then, from each profile welfi
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Fig. 3. Experimentally measured visibility of the bottle beam for the waistsda) 0.3 mm
(9 mm crystal) and (bjvp = 0.2 mm (1 mm crystal); source image plane iz at 0.

the maximal |, and minimal,|™", values of intensity in the central part of the beam and
evaluate the visibility agt = 1 —2yNImin / 2N jmax This quantity represents the averaged
light intensity modulation in the vicinity of the beam axis.the case of a perfect vortex with
IMin — 0 we haveu = 1, whereas for the Gaussian beam= 0 becausé¢™" = 1M |n Fig.'3

(a) we plot the visibility vs. longitudinal coordinaz®btained from the bottle cross-sections in
Fig.[2 (blue lines) and compare it with visibility for the Gamian beam (red lines). As clearly
seen in Fig. B, the dark area of the vortex generated in a 9 matciteccrystal is 3 mm long
(a), while for the 1 mm crystal the size of the dark area is 7 ajn (

3. Theoretical analysis

We represent the electric field of a coherent monochromatiitex in the standard form,
E = Ep (r“'/wg‘a“‘*l) exp(—r2/wio) exp(ikz+il¢), whereEy is the field amplitudeg =

1+i(z/20), 20 = kw3 /2 is the Rayleigh lengthwy is the beam waist, arlds the vortex charge.
For a partially coherent beam the correlation betweenrdiffepoints of the wave front is dimin-
ished leading to the wash-out of the vortex core [25, 29, B8&]a result, the far-field intensity
distribution of a polychromatic vortex beam does not extahi on-axis intensity minimum.

It has been shown theoretically and experimentally [27 28§ that circularly polarized co-
herent light beam propagating through the uniaxial cryistidwed by aA /4 plate and polarizer
(Fig./1) forms a beam with a topological chatge 2 behind the plane of a polarizer. If, instead,
the light passing through this system is partially cohetlean the intensity distribution in a po-
larizer plane remains the same, as in the case of coherdatioad This observation allows
us to analyze the evolution of the intensity of partially emdnt light in the region extended
beyond the plane of the formation of the optical polychraoadrtex.

It is well known that if for any pair of points on a surfa&across the beam of quasi-
monochromatic light the mutual intensity is given, thersialways possible to determine it for
each pair of points on any other surfé&gedlluminated by the light coming fror8directly or via
an optical system. We assume that the surfacerresponds to the surface of the polarizer in
Fig.[1. Then the surfac® can be any plane parallel ®located behind the polarizer. The light
intensity distribution on this surface can be found by emipig the Huygens-Fresnel principle
for partially coherent light [34].

|(P)=//\/I(Pl)\/l(Pz)y(Pl,Pz)eXp[Zin/A (51— %)) AAsdPLdP, 1)
sJs SIS

wherey(Py,P,) is the complex degree of coherence between p&nendP, on surfaces, s;
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Fig. 4. Calculated longitudinal intensity distribution for (a) coherent, (bhlgighncoherent,
and (c) partially coherent (coherence angle- 0.25) vortex beams. Distan@ between
the vortex plane formation and the lens (f=50 mm) position is: (&,8) 10f, (c) z = 3f.
Case (c) corresponds to the experimental results shown in Fig. 2.

ands, are the distances from the poilsandP, to the observation poirR on the surfacé&y,
A1 andA\; are the factors of an inclination of intervadsands, to surfaceSaccordingly,l (R)
is the light intensity in poinB on surfaces. In the paraxial approximatioft ~ —i/A.

Using Eq. [(1) directly is complicated by the fact that the pter degree of coherence
y(P1,P,) and the corresponding intensity distributib®) in the vortex plane (plane of polar-
izer) generally depends on position of this plane. Howeés, difficulty can be circumvented
if the plane of the vortex formation lies in the immediate>pnoity of the exit pupil of an op-
tical system. Assuming that the field intensity in the exid @mtrance pupils are approximated
by the Gaussian function, the intensity in the points on threase immediately behind the po-
larizer can be represented in the for(R) = lo[(X? +y?) /W2]' exp—2(xZ +y?) /W2], wherews
is the beam waist on the surfaBeAs each poinP; (P}) of the exit pupil is connected with
the corresponding poir®, (P,) of an entrance pupil, then, in the paraxial approximattbe,
degree of coherence for these pairs of points coincide, laaglhases of the corresponding
values of complex degrees of coherence differ in magnitde- ®2, = (271/A ) [PLP] — PPy].
Therefore, for any points of the exit pupil the complex degrécoherence can be written in the
form: y(P;,P}) = 2[J1(u) /u]expli (P11 — P22)], whereu = (271/A )Axsina, Ax is the distance
between the pointB] andP;, a is the angle under which the radius of the image of a source
is visible from the center of the exit pupil of the system. é®éng that distances between the
points are small enough in comparison with the distancedatvhe planes of the entrance and
exit pupils of the system and the displacement of phases afva W a crystal, we write

;o 2h(U) (a+iy)! e —iy)l!
V(PLP2) = — Y2202 1 y2)lT72’ 2)

where (x1,y1) and (xp,y2) are the coordinates of the poin and P, in the vortex plane.
Equations derived above describe the formatioa jadirtially coherent vortex. In the case when
the beam is collimated well enough after the exit pupil, tamel displacement of the plane of
a polarizer does not produce an essential impact on theelefo®herence and intensity of the
generated beam. To generate a bottle beam with a dark fesliais necessary to transfer the
image of the vortex plane to the region of the geometrical$axf a lens. In order to evaluate the
resulting light intensity distribution, the multipliefexp(iks) /S/A should be expressed in terms
of the corresponding transmission function of the optigatem [35]. The results are presented
in Fig.[4, and they show that a dark area appears in the beaer timel condition when the
focusing lens is placed at the distance larger than the tensfz > f. The agreement between
the calculations presented in Fig. 4(c) and the experinhdata of Fig! 2 is excellent.

In conclusion, we have demonstrated a novel experimenttiiodeor generating linearly
polarized optical bottle beams by double-charge whitbtlgptical vortices. We have shown
that the size and uniformity of the light intensity distritmn around the dark area of the inco-
herent bottle beam is determined by the initial structuréhefvortex.
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