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Abstract: Three-dimensional microparticle movements induced by laser
beams with a funnel- and tubular pod-like structure, in the neighbourhood
of the focal plane of an optical trapping setup, are experimentally studied.
The funnel and pod beams constructed as coherent superpositions of
helical Laguerre-Gaussian modes are synthesized by a computer generated
hologram using a phase-only spatial light modulator. Particle tracking is
achieved by in-line holography method which allows an accurate position
measurement. It is experimentally demonstrated that the trapped particle
follows different trajectories depending on the orbital angular momentum
density of the beam. In particular applying the proposed pod beam the
particle rotates in opposite directions during its movement in the optical
trap. Possible applications of these single-beam traps for volumetric optical
particle manipulation are discussed.
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1. Introduction

Optical microparticle manipulation by a single-beam trap is a well-known tool with numerous
applications in the fields of biology, chemistry and physics [1]. It is usually studied at the focal
plane of a microscope’s objective where a particle may be trapped or moved along certain
trajectory according to the field distribution of the applied beam. Different types of beams
have been proposed for this task. For example, optical vortices such as the helical Laguerre-
Gaussian (LG) modes yield rotation of a dielectric particle around the beam axis [2—4]. The
rotation velocity depends on the orbital angular momentum carried by the beam, apart from
the particle’s characteristics (weight, size, form, material, etc.) and the surrounding medium.
Certain combinations of the LG modes produce spiral beams [5—7] which maintain the form of
their transversal intensity distribution apart from rotation and scaling. Such a type of beam was
used for example in order to induce the Archimedes spiral movement of the particle [8]. On the
other side, the sum of LG modes with opposite topological charge was found useful for particle
sorting [9, 10].

Apart from setups designed for plane-curve particle movements, there are more sophisti-
cated trapping systems based on a spatial light modulator (SLM) which provide an interactive
three dimensional (3D) control of the particle position almost in real time [11, 12]. These sys-
tems, commonly known as optical tweezers, use the computer generated holograms (CGHs)
that allow the fast optical beam modification for particle manipulation. They play a relevant
role in many applications ranging from the measurement of biological forces to the construction
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of micro-machines and micro-components [12], but a high amount of computational resources
is required for real time synthesis of the CGHs. Nevertheless pre-designed 3D particle move-
ments which are important for example for micro-robotics, can be induced by a single-beam
trap. Notice that such an optical setup might use an analogue hologram for beam generation
and therefore it is more compact and cheap than using a single SLM [5].

In this work, we study micro-particle’s 3D movements induced by a single-beam trap given
as a collinear superposition of the LG modes. The LG modes present a well-defined conical
structure in the minimum beam-waist region. Correspondingly, the strongly focused beams over
the sample constructed from the LG modes allow to form optical funnels or pods of different
configurations depending on the mode indices, weights, waist, etc. In next section we describe
the beams chosen for this study. A conventional holographic optical tweezers setup, considered
in section 3, is used for the observation of particle-light interaction. Since the quality of the
beam and the visualization of particle movement are essential for the correct interpretation of
the results we also shortly discuss the methods used for CGH encoding and particle tracking.
The movements of dielectric particles suspended in water induced by the optical beams are
analyzed in section 4. The paper ends with concluding remarks and perspectives for future
research.

2. Beam design for the optical trap

As basic elements for the optical beam-trap design we use linearly polarized monochromatic
helical LG modes given by [13]

) 2p! xtiy)' 27
LG;I (r;z) =w ' (2) n(pl—jkl)! (ﬁw(z)y> frf <wz(z)>

X exp (%) exp <il’;’;)> exp(—i(2p+1+1)L(2)), 1)

with r = (x,y) being a transversal position vector, r* = x* +y?, w(z) = wo (1 + (z/zz)?) 12

where wq is the minimum beam waist at the propagation distance z = 0, zg = ﬂw% /A being
Rayleigh range, {(z) = arctan (z/zg) corresponding to Gouy phase, and R(z) = z(1+ (zr/z))?
representing the wavefront curvature radius. Here .,flﬁ stands for the Laguerre polynomial with
radial index p and azimuthal index [. This choice is explained by mode orthonormality, stability
under the propagation through the isotropic paraxial systems (which besides a well-known
limitations remain a good model for the conventional optical tweezers) and simple expression
for the longitudinal component of the orbital angular momentum (OAM), J,, carried by one
mode or their linear superposition [14].

It has been reported in numerous publications that the beams carrying OAM produce particle
rotation at the trapping plane, see for example [2—4]. Nevertheless, to the best of our knowledge,
the obvious 3D spiral like trajectory of the particle in the neighbourhood of the focal plane has
not been observed yet. Thus, one of the beam trap used for this study is a single helical LG
mode

Z1(r) = LGlf18 (r;0), ()

carried the global OAM J; = 18. The choice of the beam indices as well as its waist parameter is
explained by the limitations of our experimental setup (named, laser power, numerical aperture
of the objective, particle size, etc.) and is not relevant for further discussions.

We underline that two beams may have the same OAM but their interaction with a particle
may differ due to the different intensity and OAM density distributions, which play an important
role in the optical trap performance. The OAM density distribution of a beam constructed as a
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linear superpositions of the LG modes }., ;a p,zLGj; , (r;0), where a,,; are constants, is given by
the expression [15] '

) 2 2 N
0= Y +|apl ’LG;,(r;O)’ [+Re [ap’lap/,pLGIf’l(r;O)LG[f,J, (r;O)} ('+1). 3
Lyl

It is easy to see that the OAM density for a single LG mode is proportional to the intensity
2
distribution j,(r) = + ’LG; ; (r;O)’ 1. The global OAM, J,, is obtained by integration over the

x and y coordinates: J; =Y, + |ap71 |2 l.
To study the dependence of particle trajectory from the OAM density distribution we use the
following superposition of the LG modes

72(r) = LG} (1:0) + LG 1 (150)| /V2, 4)

with the same global OAM, J, = 18, and similar beam size as .%|. Moreover %, belongs to
the class of the spiral beams mentioned above. From the analysis of mode indices it can be
concluded (see for example [6,7]) that the intensity distribution of .%, performs clockwise
rotation at /2 during free space propagation. The beam focusing accelerates the rotation near
the focal plane. Notice that opposite rotation corresponds to the complex conjugate beam .75

The next beam of interest is a linear combination of the LG modes with the same intensity
distributions and opposite sign of OAM values,

F3(r) = [LGflg(r;O)+LGi18(r;0)] V2. )

It is clear that this beam has zero OAM, and therefore it is expected that the trapped particle
will not follow a spiral-like trajectory as in the previous case of the two other beams.

aseyq Kyisuojup

Ansuop WvO ©

Fig. 1. Intensity, phase and OAM density distributions of the beams % (a), %, (b), %3
(c), displayed in the first, second and third row respectively, at the minimum beam waist
plane z = 0.

The intensity, phase and OAM density distributions of these three beams are shown in Fig. 1.
We observe that the maxima of the OAM densities almost coincide with the maxima of the
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Fig. 2. Three-dimensional representation for the propagation of beams .#| (a), %, (b),
73 (c). Minimum beam waist wy = 3 um is obtained at focal plane (z = 0) of the 100x
microscope’s objective lens.

intensity distribution for .#; and .%,. The nonuniform distribution of the OAM over the rings
for .7, yields to the larger OAM density in some regions and smaller for others than for .%. It
is expected that particle plane rotation induced by .%, will be limited by the region with large
OAM density and intensity distribution.

All three beams form a funnel-like structure in the neighbourhood of the focal plane (z = 0)
as it can be appreciated from Fig. 2. For the numerical simulations we used the parameters cor-
responding to the experimental setup: a 100x microscope objective lens (MO) with 1.32 NA,
wavelength A = 532 nm and 0.25 x relay optics (telescope). Then a minimum beam waist value
of wg = 3 um is reached at the focal plane of the MO. As observed in Fig. 2, while the .%] and
3 beams remain invariant (except scaling), the %, one presents an additional clockwise ro-
tation yielding a double helix intensity structure. We also note, that since the diameter of the
particle used in the experiments for the analysis of 3D movement is 10 um, then the average
intensity distribution over the particle cross-section is almost the same for the beams .#; and
7. Therefore the main difference in their interaction with the particle is the presence of the
OAM in the case of .%#| beam.

It is also possible to design other attractive trapping beams by combining two or more op-
tical funnels. Along the last decade, different techniques were proposed to generate beams
with cylindrical hollow axial structure (so-called optical bottles) [16—18]. Here we consider
the collinear superposition of two optical funnels with a controlled focusing for each one then
allowing generation a beam with pod-like structure. Indeed the position of the minimum beam
waist value can be displaced a distance d away from the focal plane by modulating the input
beam .%, (r) with a spherical phase distribution

2
g(d) =exp <i27fnmd }{fgd> , (6)

where f is the focal length of the microscope objective lens and 7,,; is the refractive index of
the medium (water in our case). Then several optical funnels focused at different distances can
be combined to construct a tubular-like trap. In this work we consider the superposition of two
optical funnels described as

Pum (v) =a1.%,; (v)+arFy (1), 7

where a1 > = |a; 2| g(d 2) is the weight complex function that takes into account the focusing
shift. In particular, we study the & and &, beams with a; = g(d) / V2, a0 =1 / V2 and
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d = —20um that yields a tubular pod-like structure near to the focal region as displayed in
Fig. 3(a) and 3(b), respectively. The peculiarity of these beams lies in the change of the OAM
sign of their part interacting with the particle. Thus, it is expected to observe the particle rotation
at the opposite directions at different distances z.

The cross sections of the intensity distribution for all beams studied in this work at the dis-

tances z = 0 (first row) and z = —11 um (second row) are shown in Fig. 4.
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Fig. 3. Three-dimensional representation for the propagation of beam &1 ; (a) and &, >
(b). To help visualization a 3D cut-out view of such beams is displayed in the second row.
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Fig. 4. Transversal intensity distributions for propagation distance z = 0 (first row) and
z=—11 um (second row) for the beams: .| (a), %, (b), .73 (c), Z1,1 (d) and F5 > (e).
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3. Experimental implementation

To generate these trapping beams we used a conventional holographic optical tweezers setup
(see Fig. 5), which consists from a hand-made inverted light microscope with Zeiss 100 x objec-
tive (1.32 NA, oil immersion, Plan-Apochromat), a reflective LCoS-SLM (Holoeye LCR-2500,
twisted nematic, 8-bit grayscale signal, pixel size 6 = 19 pm) operating in phase-only modu-
lation, and Nd: YAG laser with wavelength A = 532 nm and 400 mW. Theory and experimental
implementation of such systems are studied in [19] and [20], to name a few. The CGH is ad-
dressed onto a phase-only SLM that modulates a collimated laser beam. The resulting beam,
B1, is focused over the sample by using a Keplerian telescope and the microscope objective, as
sketched in Fig. 5.

lllumination beam (B2)

Sample

Coverslip L

.’ MO 100x
L

SLM I-'| - B1
Dichroic mirror
Relay Lenses “
(telescope) cCcD
(image plane)
Collimated
laser beam

Fig. 5. Schematic representation of the holographic optical trapping system. SLM displays
the hologram that is imaged into the back focal plane of the microscope objective (MO) by
using two relay lenses, L and L, working as 0.25% telescope. The sample is illuminated
by an additional laser beam B2 in order to acquire its image as in-line hologram, which is
recorded in real time by a CCD camera.

Particle tracking is achieved by using an additional collimated laser beam B2 (in our case
A =532 nm and 10 mW) that replaces the conventional incandescent illuminator, see Fig. 5.
Its irradiance is comparable to that of conventional microscope illumination and therefore it
does not exert measurable forces on the illuminated particles (suspended in the sample). Light
scattered by the sample is recorded by a CCD camera (pixel size of 4.6 um and 30 frames per
second) in real time as an in-line hologram, which can be numerically analyzed in order to ob-
tain the 3D particle position. In this work we use Rayleigh-Sommerfeld (RS) back-propagation
for the in-line hologram reconstruction because it permits faster particle tracking. This tech-
nique was studied in detail for holographic video microscopy in [21] and was found successful
for micro-sized colloidal spheres of polystyrene and silica tracking. The in-line hologram re-
sults from interference between the light scattered by the particle and the unscattered portion
of the illumination laser beam B2 at the focal plane of the objective. In our case this hologram
is 100x magnified by the MO lens and recorded as a raw-video file by using a CCD cam-
era (exposure time was 1 ms). The hologram reconstruction is achieved by computing the RS
diffraction integral which makes possible to render a volumetric reconstruction of the light scat-
tered by the particle. The particle’s position is found by locating maxima in such a volumetric
reconstruction [21].

Since the SLM operates in phase-only modulation, the beam complex amplitude distribution
has to be encoded into the phase hologram. In the last decades several types of CGHs have
been proposed to overcome this problem, see for example [22-24]. To shape both amplitude
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and phase of the trapping beam we consider the method described in [24], that yields an accurate
beam synthesis [25] ensuring its stability under propagation.

Let us now describe the beam generation approach. It is well-known [22] that an arbitrary
scalar complex field described by s(x,y) = a(x,y) exp[i¢ (x,y)], where a(x,y) and ¢ (x,y) are the
amplitude and phase distribution respectively, can be encoded as a phase CGH with a transmit-
tance function H(x,y) = exp [iy/(a, ¢)]. To obtain an appropriate dependence of y(a, ), func-
tion H(x,y) has to be represented as a Fourier expansion in the domain of ¢(x,y). As demon-
strated in [24], the encoded signal s(x,y) is recovered from first-order term of such Fourier
expansion by using the following hologram phase modulation:

v(a,¢) = f(a)sing, ®

provided that the condition J; [f(a)] = a is fulfilled for every value of amplitude a(x,y) in the
interval [0, 1], by choosing the appropriate value of f(a) according to Bessel function J;(p).
To isolate the encoded field s(x,y) from the other terms of the Fourier expansion it is necessary
to perform spatial filtering by adding a linear carrier phase @, = 27(uox + voy), with spatial
frequencies (ug,vp), to the phase of the encoded field. Fortunately, this spatial filtering can
be optically achieved using the Keplerian telescope (4-f system), see Fig. 5, where the SLM
is placed at the back focal plane of the first relay lens. Notice that the reconstruction of the
encoded signal s(x,y) is performed by spatial filtering of the first-order difracction term in the
CGH Fourier spectrum plane [24]. In our case the overall diffraction efficiency (light guided
into the first diffraction order) of the LCoS display is about 45%, see [26] for further details.
Because of such a filtering process the maximum beam output power is about one half of the
one corresponding to the input collimated beam.

Wavefront distortion ¢, arising from the SLM non-flatness, mainly astigmatism and spheri-
cal aberration, was calibrated following the suggestions reported in [20]. The SLM also allows
compensating the wavefront aberrations corresponding to the optical setup, see Refs. [27,28].
To compensate such aberrations and therefore to optimize the optical trap performance, the
hologram phase modulation Eq. (8) is evaluated as y(a,¢ — @, + @) mod 27. Notice that
aberrations such as coma and astigmatism mainly degrade the lateral trapping efficiency while
the spherical aberration mostly degrades the axial trapping performance [27]. A further wave-
front correction can be achieved as proposed in [28].

10

0
(b)
Fig. 6. Experimental results (Media 1): Transversal sections at z = 0 (first row) and z =
—11 pm (second row) for the beams: #| (a), %, (b), F3 (c), P11 (d) and &5 5 (e).

The corrected beam B1 is focused over the sample, which is enclosed into a flow cell made
by attaching a glass coverslip (thickness 0.17 mm) to a standard microscope slide with double-
sided tape, see Fig. 5. The coverslip partially reflects the trapping light back into the objective
lens which images this beam through a 90% dichroic mirror (at wavelength A = 532 nm) to
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the CCD camera, see Fig. 5. Then it is possible to obtain a volumetric reconstruction of the
trapping light by translating the coverslip with respect to the objective lens. This approach has
been previously demonstrated in [29] by using a mirror instead of a coverslip. In this work
we use the coverslip for this task because it allows in-situ testing of the beam degradation
caused by its lack of flatness. Figure 6 shows the intensity distributions of the trapping beams
corresponding to the optical funnel .% (a), %5 (b) and .#;3 (c) and the optical pods # ; (d) and
55 (e), measured by translating the coverslip (see also Media 1). These experimental results
are in good agreement with the numerical simulations displayed in Fig. 4. Nevertheless there
exists a wavefront distortion due to the residual aberrations of the optical setup, which may be
minimized by performing further wavefront correction as reported in [28]. In the next section
we study the action of these beams over polystyrene spheres suspended in distilled water.

4. Microparticle manipulation: experimental results

We start from the analysis of particle movements (2um diameter polystyrene sphere,
Spherotech SPV-20-5 Lot WO01) at the focal plane of the MO, which in this case is near to
the upper covering glass in order to compensate the axial scattering force. Figure 7 shows the
motion of the trapped particle along the multiringed beam profile following the exerted torques
(see also Media 2 and Media 3). As expected, the particle is confined in the high-intensity cir-
cular fringes and rotates around the beam .#| axis whereas for the case of beam .%#, it only
rotates in the angular range limited by the nonzero OAM density. The trapping with the beam
Z3 does not produce any rotation due to zero OAM density.

10 um Sl
—

t=0 s

Fig. 7. In-line holograms showing the trapped particle (2 um diameter) for the beam .%#;
Media 2 and .%, Media 3, first and second row respectively.

Let us now consider the 3D motion of 10 tm diameter polystyrene spheres (Duke Scientific
Lot 9949) suspended in water, which is induced by the proposed trapping beams. The flow-
cell thickness is about 120 um and the particle motion starts from the lower coverslip surface.
Figure 8(a)-8(c) displays the particle’s tracking for the beams %1, .%, and .%#3, respectively.
Although both beams .%| and .%, have the same OAM (J, = 18), they exert different forces
and torques on the particle according to the geometry of their 3D intensity and OAM density
distributions. This yields different types of helix-like trajectories, see Fig. 8(a) Media 4 and
Fig. 8(b) Media 5. In contrast, the beam .%#3 does not transfer OAM and therefore the particle
just goes up to the minimum beam waist plane (z = 0), see Fig. 8(c). Notice that these trapping
beams are displayed for the trap-region of interest, given between the lower coverslip surface
at z = —30um and the focal plane z = 0. Several video snapshots corresponding to the in-line
holograms obtained for the case .#1, %, and .#3 are also showed in Fig. 8(d)-8(f). We underline
that clockwise rotation direction is obtained for the complex conjugate beams .%#; and .7,

Since the intensity distribution of the beams .% and .%3 posses angular symmetry the particle
may be trapped in any point of the plane where the light force is sufficient, while for the beam
Z, there are two well-defined regions around the intensity maxima where it may happens.
Moreover, due to the relatively big particle size, two particles can be simultaneously trapped
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Fig. 8. 3D particle-tracking reconstruction for the beams: .#; (a) Media 4, .%, (b) Media 5,
73 (c). Particle’s trajectory is also projected into x —y, x — z and y — z planes (grey lines).
It is experimentally measured from in-line holograms stored as video as the ones showed
in (d) Media 6, (e) Media 7, and (f), correspondingly. The trajectories start from the lower
coverslip surface att = 0 s (z = —30um) and ends at the focal plane z = 0 um.

by beam .%; following different helical channels as it is observed in Fig. 8(b) and 8(e). This
may be useful for the organization of different sorting particle flows in the same cell for the
observation of their interaction in the focal plane.

While the direction of the particle rotation trapped by the considered optical funnels is fixed,
it may varies with the distance for the pod-like structures. As an example, we consider the 3D
particle movement induced by the beam & ;. Figure 9(a) together with Media 8 show the par-
ticle trajectory. For better visualization a cut-out view of the beam and the particle’s trajectory
are represented in Fig. 9(b). The video snapshots, several of them are presented in Fig. 9(c),
corresponding to the in-line holograms used for the 3D particle-tracking reconstruction are
found in Media 9. In this case the particle describes a spiral trajectory from the starting point A
[z = —30um, see Fig. 9(b)] with clockwise rotation (due to the .%| beam), until it reaches the
distance z = —25 um corresponding to the point B. At this point the particle is simultaneously
trapped by both optical funnels .#;" and %, which exert opposite torques over the particle
according with their OAM value (J; = F18, respectively). Therefore the particle goes straight
up until the point C, in which its interaction with the %] becomes stronger. From the point
C to D the particle, as expected, follows a new spiral trajectory with anticlockwise rotation.
The relatively short elevation (with respect to the funnel trapping) of the particle during spiral
movement (A-B and C-D tracks) is explained by the fact that only one half of the beam energy
is participated in light-particle interaction in these regions. We underline that the movements
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Fig. 9. 3D particle-tracking reconstruction for the trapping beam &1 ;| (a) Media 8 and
(b). Particle’s trajectory is also projected into x —y, x — z and y — z planes (grey lines). The
in-line holograms (as the ones shown in (c)) used for the reconstruction are stored as video,
see Media 9 .

of such particles, induced by the designed beams, have been systematically reproduced. For
smaller polystyrene sphere the longer spiral trajectories are expected due to the lager longitudi-
nal regions where the particle is trapped by only one of the funnels (%] or .%|) composed the
pod.

This pod beam allows trapping of multiple particles, which simultaneously rotate in clock-
wise and anticlockwise directions at different distances z. It could be useful for twisting of
rod-like particles or filaments which ends are trapped in the regions with opposite OAM sign.

5. Conclusions

The design of funnel and pod beams suitable for volumetric optical trapping and the method
for their correct generation have been discussed. The interaction of these beams with dielectric
colloidal particles was experimentally observed. It has been demonstrated that the trapped par-
ticles describe a 3D spiral trajectory governed by the forces and torques exerted by the beam
carrying OAM. In contrast to a single helical-LG funnel the double-helix funnel beam provides
two well-defined 3D channels for the particle movement. The capacity of the proposed bifocal
pod beam to exert opposite particle rotations, at different planes during its propagation, is attrac-
tive for various micro-object manipulation techniques including all-optical twisting. Moreover
the trapping of a rod-like particle by a similar pod beam with the same OAM sign in both fo-
cal regions could be used for optically driven stirring or pumps. These facts result useful for
volumetric trapping and provide an additional level of control over the trapped particles. The
manipulation of particles with different geometries, size and material by these and other funnel
and pod beams will be the subject of further research.

While the described setup uses the SLM for the single-beam trap generation, the application
of analogue hologram for this task will significantly increase the energetic layout of such optical
traps providing setup compactness and reducing its cost.
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