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Optical conveyor belt for delivery of submicron objects
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We demonstrate an optical conveyor belt that provides trapping and subsequent precise delivery of
several submicron particles over a distance of hundreds of micrometers. This tool is based on a
standing wavéSW) created from two counter-propagating nondiffracting beams where the phase of
one of the beams can be changed. Therefore, the whole structure of SW nodes and antinodes moves
delivering confined micro-objects to specific regions in space. Based on the theoretical calculations,
we confirm experimentally that certain sizes of polystyrene particles jump more easily between
neighboring axial traps and the influence of the SW is much weaker for certain sizes of trapped
object. Moreover, the measured ratios of longitudinal and lateral optical trap stiffnesses are
generally an order of magnitude higher compared to the classical single beam optical trap.
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The optical dipole or gradient force may be used forson. These attributes of a single BB were employed for two-
confinement of atoms, biological and microscopic objects atlimensional manipulation and delivery of microobjects in
the region of highest light intensity. The use of the dipoledistinct sample cells displaced even by several millimeters.
force for delivery of particles has been already demonstratedince the single BB has no intensity gradient along the
in some forms. A single focused laser beaoptical twee-  propagation axis, it cannot be used for pure optical 3D con-
zerg enabled three-dimensionéD) confinement and ma- finement of objects. However, if the interference of two co-
nipulation of particles or even living cells over a distancenerent counter-propagating BB is employed, the axial inten-
related to the field of view of an optical microscope. Inter-sity of the total field is strongly peaked at the planes located
ferometric techniques can potentially enhance such extendegbriodically along the propagation axis of both beams. It
transport. The sliding Gaussian standing weS&SW was  ghoud therefore result in a very long line of SW traps, and
initially proposed for atom coolifgand recently for deter- i qeed overcome the issue of the short Rayleigh range for a

”}"(;'St'c de.>||.ve.r37(;)fl_s|ngle z?tombs. To datet,).howevert,)_nlo fqrml tightly focused GB that would result in solely one or two trap
of deterministic delivery of submicron objects or biological gjieq~ The sliding Bessel standing wave thus offers a long

specimens has been demonstrated. Additionally, due to thgxtended optical conveyor belt for trapped objects obviating

very short Rayleigh range of a tightly focused Gaussiar‘the drawbacks of the SGSW. In this Letter, we demonstrate
beam(GB), one obtains a relatively short longitudinal range and characterize such a syst.em '

where the on-axial intensity is sufficiently strong for particle In contrast to the usual aeneration of the SW using retro-
confinement. Therefore, the SGSW does not provide at the ) - 9 : gr
reflection of the incident beam on the mirtmwe present in

same time precise object confinement laterally and long dis-

tance of transport. Almost 20 years ago the concept of thEhls I}etter a d!fferent arrangement where th_e SBSW |_shcrel,-—
so-called diffractionless propagation of electromagnetic®€d from two independent counter-propagating BBs with al-

waves was proposed by DurrfiriThese propagation invari- te_rable phas_e shift between thésee Fig. ;L While slightly
ant light fields have a lateral beam intensity profile describedlifférent optical components were used in both paths at the
by zero-order Bessel functions and the longitudinal beantime Of this experiment, the estimated widths and propaga-
properties remain constant over the region of beam propagalon distances of both counter-propagating BB are very close
tion. The drawback of this Bessel bedBB) is that the total  to €ach other. From the parameters of the optical system the
power is split almost equally into several lateral rings anddiameters of the central BB cores are equal to 2.24 and
therefore only the optical intensity in the central core is2.14um for the first or the second path, respectively. The
available for object trapping. The multitude of rings, how- cuvette was 5 mm long, made from 1-mm-thick BK7 glass.
ever, is key to a very useful property of this nondiffracting It was filled up with DO which has lower absorption at the
beam: the ability to reconstruct itself after passing through drapping wavelength and so the heating and unwanted con-
disturbing obstacl8.This is especially important if several vection of the liquid was suppressed. The microparticles
objects aligned longitudinally should be manipulated in uni-were put into the cuvette and the light scattered perpendicu-
larly to the propagation of the beams was observed by a

Author to whom correspondence should be addressed; electronic maiMiCroscope ObjeCtiYe with a long working distance and
zemanek@isibrno.cz charge coupled device camera.
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FIG. 1. Experimental setup. Linearly polarized bedRG, 10 W, \,¢
=1.070um) passed through half wave plalg2 and was divided by a
polarization beam-splitter PBS1 into two paths with controllable power ra-
tio. The first p-polarized beam is reflected on metallic mirror M1, trans-
formed to the BB by an axicon A(Eksma 130-0270 The core of this BB
is decreased by a telescope T1 formed by lengf=138 mm) and micro-
scope objective OINewport, M-40X, N.A. 0.40. The second-polarized :
beam is reflected on the metallic mirror M2 and on a polarization beam- 02 03 ) o5 06
splitter PBS2, passed through the quarter wave pldt to the axially d[um]
movable mirror M3 controlled by stepmot@Newport ESP 30) reflected ) ) B
back through the same/4 (the beam became polarized and transformed ~ FIG. 3. The theoretical dependence of the extremaximal or minimal
to the BB by an axicon AZEksma 130-0260and narrowed down by T2  axial optical force(top plot and trap depthelU, (bottom plo} in the Bessel
made from lens LAf=38 mm) and microscope objective O@ewport, standing wave as a function of polystyrene beads diameter. Particles were
M-20x, N.A. 0.40. Both BBs interfere with the cuvette C. The particles in confined in BO using on-axis optical intensity=0.637 Wumin each
the cuvette are observed by a microscope objective with long working disPeam(equivalent to on-axis intensity in Gaussian beam of beam waish1
tance LDO(Mitutoyo MPlan NR50 and CCD camera. and power 1 W of the idealized Bessel beam created by the same optics as
in the experiment. The negative values of extremal forces indicates that the
bead is trapped with its center at the node of the SW. Stars denote the bead
The movement of mirror M3 causes the phase shift besizes used in experiments. Vertical dotted lines indicate bead sizes that do
tween both counter-propagating beams to change in a Coﬁpt_fegl the Bessel standing wave and therefore cannot be confined in this
trolled fashion and this resulted in the movement of theperIOdIC structurdsee Ref. 10

whole SW structure together with the confined submicron

particles—a sort of optical microconveyor belt. Since theyept constant. This is a demonstration of controlled 3D de-
positioning accuracy of the stepmotor isuin, we could jivery of submicron particles using SBSW and at the same
precisely deliver a number of confined particles over a distime an example of 3D optical confinement of the smallest
tance much longer than it was possible in GB of width com-particles using nondiffracting beams. We note, too, that we
parable to the core of the BB. In our case, two 410 NnMcan induce a continuous phase shift between the two beams
polystyrene spheres were moved over a distance of morgsing the angular Doppler effect for continuous delivery of
than 250um (see Fig. 2 while the distance between them microparticles’
We also succeeded in 3D optical trapping and delivery of
bigger polystyrene beads of diameters 490, 600, 800, 930,
and 1000 nm. Notably from this selection of particles sizes,
those of diameted=490 and 800 nm jumped much more
easily between neighboring longitudinal optical traps and
stayed confined in one trap for significantly shorter time
scales. This behavior coincides with theoretical predictions
based on the generalized Lorenz-Mie scattering theory ap-
plied on the calculation of the optical forces in counter-
propagating BB. The detailed description of this method will
be the subject of future work but results related to this
present experiment are shown in Fig. 3. We note from this
figure that there are bead sizes that may not even be trapped
in this interferometric scheme. In turn this opens up the pros-
pect of selectively trapping and transporting submicron ob-
jects of given sizes and a method of optically sorting them
based upon their affinity to this periodic light pattern. This
discrimination between particles of differing size is a key
feature of a SW geometry.
In order to compare theory with experimental results
more precisely, we applied the correlation algorithrto
track the particles’ trajectory along both th@ndz axis from
the video records. The results shown in the insets of Fig. 4
50 100 150 200 250 support the conclusions that the smaller sphere is strongly
2 pm] confined since it stayed in one trap. On the other hand, plenty

FIG. 2. Demonstration of an optical microconveyor delivering two polysty- of Jumps between nelghborl_ng longitudinal traps occ_urred
rene spheres of 410 nm diameter over a distance/@BOusing a sliding O bigger sphere and the distances between them fit very

Bessel standing wave. well to the distance between two neighboring SW antinodes
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< [T : 4-e9% v ' ' for d=400 nm and 0.2 fod=1000 nm** respectively. For

§ i PP . ' : any given size of trapped bead, if a GB is simply focused to
S5 _pm . a diffraction limited spot, there is a fixed relation between
PERTAS 3 * 0w 10 10 20 2w a0 2w the maximum trapping force and the stiffness of the trap.

_§ sl o RN R PR - % | However, the elasticity of biological molecules is very non-
5 b T Tt - linear and to get higher grade information, there is a need to
% 02 o2 06 08 1 locate the molecules more precisely in one dimension than
] another and an asymmetry in stiffness in the optical trap as

FIG. 4. Comparison of the ratio of longitudinal and lateral stiffnesgés, demonstrated _here mlght facilitate such studies.

obtained from the theorfthe same parameters as in Fig.ahd experiment. In conclusion, we have demonstrated how two counter-

The error bars correspond to the 90% confidence level. Insets show theropagating Bessel beams can be used to create a standing

E(_Z record of positic))ns of sing:Te( polystyrene bead of diameters 410 nmyave where the submicron particles can be 3D confined and

over a period of 166)sand 490 nmover 127 $ confined in Bessel standing . . .

wave. pr_eqsely delivered over a distance _of hu_ndredsmﬂ by
sliding the Bessel standing wave. This optical conveyor belt

_ . . may have potential for the delivery of biological and colloi-

0z=419 nm. Unfortunately, this e_xpenmental system WaSjal microparticles and indeed a variant of this system may

not stable enough and the small drift of the longitudinal traps

smeared the clear distinction between neighboring traps du?EISO be used for deterministic delivery of cold atoms.
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