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We report on a method to achieve multiple microscopic particles being trapped and manipulated transversely by using
a size-tunable Bessel beam generated by cross-phase modulation (XPM) based on the thermal nonlinear optical effect. The
results demonstrate that multiple polystyrene particles can be stably trapped simultaneously, and the number of the trapped
particles can be controlled by varying the trapping beam power. In addition, the trapped particles can be manipulated
laterally with micron-level precision by changing the size of Jo Bessel beam. This work provides a simple but efficient way
to trap and manipulate multiple particles simultaneously, which would have potential applications in many fields such as

cell sorting and transportation.
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1. Introduction

Optical tweezers is an optical method in which a
highly focused laser beam is employed to trap and manip-
ulate the nano- and micro-sized objects.!!! Since proposi-
tion and realization in the 1980s by Ashkin et al,®! opti-
cal tweezers has been applied to numerous areas, such as
bio-components identification,>*! in-situ single particle and
graphene analysis>® and light-matter interaction.!”l Laser
beam with a Gaussian intensity distribution is commonly used
in conventional optical tweezers. However, it is difficult to trap
multiple particles simultaneously by using Gaussian beams,
because the optical traps are limited within a few micrometers
around the focal point resulting from the beam distortion by
the particle and high divergence after tight-focusing. )

The solution to improving the trapping efficiency is to
create multiple traps in one setup. So far, there has been
several methods reported to generate multiple traps, such

as time-shared optical tweezers,!!%!!]

holographic optical
tweezers,!'>13] and interferometric optical tweezers.!!'%11 Tn
time-shared optical tweezers, a single Gaussian laser beam is
scanned across a region and therefore multiple particles within
this region can be trapped one by one. In holographic optical
tweezers, multiple optical traps are obtained by focusing mul-
tiple sub-beams generated from one incident laser beam with
optical diffraction components or spatial light modulators. As
for interferometric optical tweezers, multiple beams are inter-

fered to achieve multiple traps with high spatial resolution.
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Bessel beams are radiations of which the amplitudes can
be described by Bessel functions.!'®! The typical zeroth-order
(Jo) Bessel beam consists of a bright central spot surrounded
by a series of bright rings. Bessel beams have remarkable
non-diffraction properties, and hence the beam size and inten-
sity remain constant during propagation. In addition, Bessel
beams can reestablish their transverse intensity profile after
encountering an obstacle.!!”] The excellent propagation char-
acteristics and unique intensity profile of Bessel beam offer
an extended working distance and multiple traps for optical
trapping and manipulation. Arlt et al. have demonstrated that
the trapping efficiency of Bessel optical tweezers is 10 times
higher than that of conventional Gaussian optical tweezers. [8]
Garcés-Chdvez et al. achieved multiple particles to be trapped
in different axial layers and successfully guided the particles
to move along the axial coordinate (up to ~ 3 mm) by the
diffraction less nature of the Bessel beam.!!”] Compared with
the study of manipulation along the beam propagating direc-
tion, the research of transverse manipulation is still limited.
Milne et al.?”) demonstrated the motion of silica microspheres
of different sizes in a fixed periodic light field provided by a
Bessel beam. There are also many experiments on orbital rota-
tion of the particles around the beam axis, mainly by transfer-
ring the angular momentum of the laser beam to the particles.
For example, Volke-Septlveda et al. achieved the rotation of
low-refractive-index particles around the beam axis by using a
helical high-order Bessel beam.>!l Garcés-Chavez et al. real-
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ized the rotation of high and low refractive index particles si-
multaneously around the beam axis through Bessel beam. [>?!
However, transitional movement in the transverse plane with a
controlled manner has rarely been realized.

The positions and sizes of the trapped particles in the
transverse plane are dependent on the beam profile (spatial in-
tensity distribution) of the Bessel beam. And therefore, the
Bessel beam with tunable size is useful in manipulating the
particles and increasing the robusticity in trapping particles of
various sizes. However, the intensity distribution is commonly
fixed for a specific experimental setup (optical device).!?*24]
For example, the device that is most commonly used to gen-
erate Bessel beam is axicon lens. As the cone angle of an
axicon lens is inherently fixed, the size of the output Bessel
beam is always fixed. Spatial light modulators (SLMs) can
be used to generate Bessel beams of variable parameters. But
the damage thresholds of the SLMs are relatively low, thus
limiting the intensity of the generated Bessel beams. Previ-
ously, our group proposed and realized a Bessel beam gener-
ation method through using cross-phase modulation (XPM).
Based on thermo-optical nonlinear effect, ethanol medium
works as a tunable spatial light modulator under the irradia-
tion of an intense pump beam. The probe beam can be con-
verted into a Bessel beam with tunable size by adjusting the

r.125] Tt has been demonstrated that the Bessel beam

pump powe
generated with this method possesses high flexibility and high
damage threshold.

In this work, we further use the Bessel beam of tunable
size generated by XPM to trap and manipulate the particles
transversely. Multiple particles can be trapped and manipu-
lated laterally with micron-level precision by changing the size
of Bessel beam. This work provides a simple and useful tool
for trapping and manipulating mulitple particles, which is of
significance for the in-sifu study of multiple particles in the
liquid and for the sorting and transportation of cells.

2. Method

Figure 1 shows the scheme of the experimental setup used
in this work. The laser source is a 780-nm continuance-wave
laser (UniQuanta, ECL801-780). A half wave plate (HWP)
can be used to change the polarization direction of linear po-
larization beam. And a polarization beam splitter (PBS) can
split the input beam into two beams of orthogonal polariza-
tions. Therefore, the combination of an HWP and a PBS can
be used to split the input beam into two beams with adjustable
power ratio by rotating the HWP. As shown in Fig. 1, HWP 1
and PBS 1 are used to split the laser output into two beams: the
reflection from the PBS 1 serves as the pump beam, and the
transmission from the PBS1 is used as the probe beam. The
pump beam is focused into the cuvette with ethanol solution
by a lens with the focal length of f = 500 mm. The HWP 2

and PBS 2 are used to control the power of the pump beam
in the interaction region. The probe beam is guided into the
same cuvette counter, propagating with respect to the pump
beam without focusing. The HWP 3 and PBS 3 are used to
control the power of the probe beam in the interaction region.
The probe beam from the ethanol solution can be converted
into a hollow beam due to XPM.!?®! The hollow beam is then
collimated by a telescope system (lens 2 and lens 3), and then
reflected by the dichroic mirror. The hollow beam is further
focused by an objective lens (objective 1, 40x, NA = 0.45)
and a Jo Bessel beam can be obtained for trapping and manip-
ulating the particles in the focusing range. An LED light in a
wavelength range from 440 nm to 670 nm is used as illumina-
tion. The image-acquisition system is used to receive the im-
ages of the trapped particles, which includes an objective lens
(objective 2, 80x, NA = 0.8) and a CMOS camera (Thorlabs
DCC1240M, 1280 x 1024, pixel size: 1.4 um). Once particle
is observed to be captured, we carefully adjust the axial po-
sition of the imaging objective (objective 2 in Fig. 1) until a
clear image particle is seen.

The particles used for experiments are two types of
polystyrene particles (PSs) with an average diameter of ~
3 um and ~ 10 pum respectively (unibead polystyrene, base-
line). Various concentrations of PS suspension are prepared by
adding deionized water. The sample suspension (~ 40 pL each
time) is sandwiched between a glass container and a cover
glass (0.16 mm in thickness), which can reduce the influence
of the limited working distance of the objective lens and the
disturbance from airflow. The sample cell is placed on a three-
dimensional transitional platform.

COMS
HR 1
Ya Objective 2
HWP 3 @8 HWP 2
Sample

N Lens 1

Dichroic mirror

PBS 3 w led

Fig. 1. Schematic diagram of experimental setup. HWP: half-wave plate;
HR: highly reflective mirror; PBS: polarization beam splitter; lens 1: f =
500 mm; lens 2: f =200 mm; lens 3: f = 50 mm.

In theory, when a focused laser beam illuminates on the
micro-sized particles, the light is refracted and reflected by the
particles, which would result in the momentum transfer from
laser to particles. And then, the gradient force and the scat-
tering force are generated on the particles.!?”! In general, for
larger spherical objects (Rp >> 1), the optical force and poten-
tial energy distribution are related to particle size or geometry,
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and the force can be calculated by a ray-tracing method based
on Mie scattering theory.?®?° In this wok, the particles di-
ameter (3 um) is much larger than the wavelength of the light
(780 nm), so the ray tracing method can accurately obtain the
size of the trapping force generated by the particles moving
in the light field and is widely used to calculate the trapping
force on the lateral plane of the particles.!:*?! With the geo-
metrical optics approximation and the same approach used by
Gussgard et al.,’%! the total force F' acting on a transparent
spherical particle can be expressed as

1
F:—/[cosoq
Vm Js;

where v, is the speed of light in the medium surrounding

N
@ — R, —T* Y R* 'y | dA, (1)
k=1

the particle, s; is part of the sphere’s surface illuminated by
the incident field, / is the intensity distribution of the incident
field, ¢ is the incidence angle with the normal at the incidence
point, 4; and 4, correspond to the incident ray and reflected
ray, respectively, 4y is the ray transmitted out of the sphere
after k internal reflections, N is the total number of internal
reflections of the incident rays inside the sphere, and R and
T are the reflectance coefficient and transmittance coefficient,
respectively.

In order to better describe the optical force exerted on
the spherical particle, we employed two coordinate systems,
S(x,y,z) and §'(x',y',7’). As shown in Fig. 2, the origin of §
system is the center of Jy Bessel beam, and the spherical par-
ticle with radius Ry is located at the C(rp,zo) in the coordinate
system S. And the center of the spherical particle is taken as
the origin of the coordinate system ' (x',y’,7’) with 7’ parallel
to z. And therefore, the coordinates of a random point on the

particle P in the S system is obtained as follows:[*?!
r= [r(2)—|—R%sin29—|—2r0R0 sin9cos¢]1/2, )
z=2z0+RpcosO, 3)

where 6 and ¢ are the polar angle and the azimuthal angle in
the coordinate system respectively, i.e., the angle from CP to
7/ and from CP to ¥/, respectively.

Fig. 2. Geometrical parameters of general ray tracing model for a spherical
particle irradiated by Bessel beam propagating along z direction.

The intensity distribution of Jy Bessel beam is az-
imuthally symmetric, and therefore only the energy flux prop-
agating along the z direction is considered. After some vecto-
rial calculations based on the geometrical relation from Fig. 2,
the unit vectors of the incident ray ;, reflected ray 4, and
transmitted ray @y can be obtained, and the radial optical force
Fp and axial force F; acting on the spherical particle of radius
Ry can be expressed as[?0-2>]

RZ rm/2 r2m
Fy(rz) = 0/0 /0 {RsinZB

2V

2 (sinZ(G —6) +Rsin26)> ]
1+R%+2Rcos26;

x I(rp,z0)sin20 cospdpdo, )

RZ rm/2 p2m

—0/ / {cos(ei —0)+Rcos(6;+0)

2Vm Jo 0

2 (cos(ei +60 —26,) +Rcos(6; + 6)) ]

14+R2+2Rcos26;
x 1(z)sinOcos 6;d¢do, (5)

where (ro,z0,t) = IOJ%(krro) is the intensity of the Bessel
beam. 6; is the angle of the incident light, 6; is the angle of the
reflected light, R and T are reflectance coefficient and trans-
mittance coefficient, respectively.

The potential energy of a particle in a Bessel beam is re-

lated to the force and can be described as[20]

U(rz) = —/Fp(ro,m)dro. (6)
0

Particle trapping is largely influenced by the environment. The
particles can only be trapped when the potential barrier satis-
fies the condition, AU > 10kgT,"*!! in which kg is the Boltz-
mann coefficient, and T is the temperature of the medium sur-
rounding the particle.

3. Results and discussion

Beam profile and tunability are important parameters
for multi-particle trapping and manipulation. And therefore,
we first obtain dark—hollow beam (DHB) by using XPM in
ethanol. The generated DHB further turns converged after an
objective lens, and the Bessel beam can be obtained in the fo-
cusing region as shown in Fig. 3(a). It is seen that the DHB
gradually involves into a beam with a bright central spot sur-
rounded by a series of bright rings. It is also found that the
lateral intensity distribution of the beam at focus is well fitted
by the Jo function, indicating that the beam is a good approxi-
mation of the Bessel beam (Fig. 3(b)). Moreover, as seen from
the axial beam profile in the p—z plane in Fig. 3(a), the inten-
sity of the Bessel beam keeps almost invariable in the focusing
range, and non-diffraction range is ~ 0.04 mm. In addition,
the number of the rings and the size of the central spot/rings
are dependent on the pump power (Fig. 3(c)). We collect the
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information about the number and size (the first ring is taken
as an example) of the rings and plot them with respect to the
pump power as shown in Fig. 3(d). It is observed that the size
of the Jo Bessel beam decreases almost linearly with respect to
the pump power. And the number of rings increases with the
pump power increasing.

The conversion of a Gaussian beam into a hollow
beam can be theoretically treated by XPM and thermal non-
linear optical effect, which has been described in detail
previously.’>=# In brief, the strong Gaussian beam (pump
beam, with intensity /) passes through the nonlinear medium
(ethanol in this work) and the refractive index n of the ethanol
becomes laser intensity-dependent (n = ng + n»1;) due to ther-
mal nonlinear effect. The distribution of the refractive in-
dex is applied to any beam that passes through the ethanol

in the same area with the pump beam. Therefore, when the
probe beam passes through the ethanol, an additional lateral
phase shift Ap(r) = ko fé nyl; dz on the exit plane of nonlinear
medium is generated (ko is the wave vector). The probe beam
carrying the nonlinear phase shift propagates in free space and
forms a hollow beam as shown in the inset of Fig. 1(a). As the
nonlinear phase shift Ap(r) is proportional to the intensity of
the pump beam, the size of the hollow beam can be modulated
by the power of the pump beam. With focusing through ob-
jective lens 1, the generated hollow beam becomes converged
and converted into Jy Bessel beam in the focusing range. In
addition, the size of Jy Bessel beam is dependent on the dark
diameter of hollow beam at the given objective. >3 Therefore,
the size of the Jy Bessel beam can be modulated by the power
of the pump beam.

______________________________________________ -

,_ 3.96 3.97 z (mm)|

I A A |

| (a) I

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

| 1 1 1 1 1 |

| 3.93 3.94 3.95 3.96 3.97 |

| z (mm) |

.- ]
o G
35 ' o Exp data i 94 o\ 10 °
S 0.8f — J§ fit bt . L &
+ EO \ U 8 .=
=] g 921 e, _ - =
Rt = \ S ;.s
2 100 mW 120 mW 140 mW ] X 6 .
X & 18 PR g
® [ o \ 4 E
E © 15 / .\ =
= w0 Z
o = / —
z = = 5 12} ¢ * 12

N N N N N N - < < " " " " " N
—60 —40—20 0 20 40 60 160 mW 180 mW 200 mW ~ 100 120 140 160 180 200

p (pm)

Pump power (mW)

Fig. 3. Characteristics of beam profile and tunability in size of the Jo Bessel beams. (a) Axial evolution of Bessel beam near the focal point, and
axial beam profile in p—z plane, (b) lateral intensity distribution of beam and zero-order Bessel function fitting, and (c) images of beam as pump power
varies from 100 mW to 200 mW, and (d) radius of the first ring (red solid) and number of rings (blue dashed) with respect to the pump beam power.

The obtained Jy Bessel beam is used to trap the PS parti-
cles. The Bessel beam power is kept constant at ~ 65 mW,
and the number concentration of PS particle suspension is
~ 2 x 10% mL~!. Experimentally, we find that the PS parti-
cles are driven towards the central bright spot once the laser is
applied to the sample, and finally trapped in the central bright
spot area and bright rings’ area. Typical image of the trapped
particles is shown in the insert of Fig. 4(a). It is seen that
there are multiple particles trapped simultaneously. We also
examine the stability of the trapped PS particles by tracking

each particle in 2 minutes. For a given particle, its initial trap-
ping position is taken as the origin (0). And then the distance
from its position at a given time is noted down and plotted
with respect to time, as shown in Fig. 4(b). Figure 4(c) fur-
ther shows the projection of particle number on distance away
from the origin, with the FHWM of the Gaussian fitting being
~ 0.7 pm.

We further calculate the force of trapping particles by us-
ing video tracking method.!*%! We track the motion of a par-
ticle (the particle is denoted as a circle in video 1 in the sup-
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porting information), noted down its position every 0.5 s and
plot its trajectory of the particle moving towards to the central
bright spot of the Bessel beam as shown in Fig. 4(d). With the

help of the trajectory, we calculate the acceleration and further
the trapping force as a function of position as shown by the
points in Fig. 4(e).
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Fig. 4. (a) Typical image of trapped particles in Bessel beam. (b) Time-dependent positions of the trapped particles. (c) Projection of particle
number on distance and the Gaussian fitting. (d) Trajectory of particle moving towards the central bright spot (origin of the coordinates).
(e) Experimental data calculated trapping force of particle during movement (black squares), simulated optical radial force (red solid), and
corresponding potential profiles (blue dash-dotted), and radial intensity distribution of Jy Bessel beam (black dashed), with circles denoting

traps. (f) Optical axial force in the Bessel beam along z axis.

To understand the mechanism that how particles are
trapped in the central bright spot and the bright rings, we con-
duct the theoretical simulation and plot the force and potential
that the particles experience in the Jy Bessel beam as shown
in Fig. 4(d). It is seen that the experimental results accord
well with the overall distribution of the simulated results. It is
seen that the experimental results are consistent with the over-
all distribution of the simulated results. But the comparison
indicates that experimental force is higher than the theoretical
one especially at the inner rings, which may be due to the fact
that the scattering force also has a contribution to the particle
movement. The scattering force is along the laser propagating
direction, we call it axial optical force here. Figure 4(f) shows
the axial optical force F, exerted on the particle as a function
of z. It is seen that F; keeps almost constant along the z direc-
tion, which is to be expected for the non-diffraction property
of the Bessel beam. And hence, there is a poor confinement of
the particle along the laser propagating direction.

Owing to the spatially periodic optical field of the Bessel
beam in the transverse direction, there are multiple optical po-
tential wells, and the stable trapped position corresponds to the

[311 1t is seen from the force curve in Fig. 4(d)

lowest potentials.
that F,, (r) = 0 and the slope of the force curve is negative at the
stable trapped positions, which means that there is a restoring
force exerted on the particle in the opposite direction for any
displacement of the particle, and therefore the particles can be
confined around those points. In addition, the potential barrier

is higher at the traps closer to the center of Bessel beam, and

therefore there are more particles that are trapped in the center
of the Jy Bessel beam.

A lot of researches have demonstrated that there are par-
ticles hopping between the different side lobes in the laser
trap using Bessel beam.?*37] And this phenomenon can be
explained by Eqs. (4) and (6). The radial force and the po-
tential energy are influenced by the particle size and intensity
distribution of trapped laser beam. When the particles size is
bigger than ring width of Bessel beam, the particles will hop
between different side lobes of Bessel beam.*”! The larger the
numerical aperture of the objective lens, the smaller the size
of the Bessel beam that can be generated and the smaller par-
ticles that can be trapped (as shown in Fig. S1 in supporting
information). In the above mentioned work, the diameter of
central bright spot and the first bright ring of Bessel beam are
22 wm and 12 pm respectively, which are much bigger than
the particles size (3 um). And therefore, once the particles are
captured, hopping is not easy to occur.

In order to further elucidate the mechanism of the hop-
ping between adjacent rings of Bessel beam, we use PS par-
ticles each with the diameter of 10 um to study their motion
between the rings of Bessel beams with various widths. When
the width of central bright spot and the first bright ring of
Bessel beam are 19.8 um and 9.5 um, respectively, we observe
that the particles pass through the bright rings, and finally
are trapped at the central bright spot as shown in Fig. 5(a).
This can be explained by the simulation results as shown in
Fig. 5(b), from which we can see the potential barriers at the
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rings are rather low and therefore not enough to trap the parti-
cles. Then, when we increase the width of central bright spot
and the first bright ring to 38 pm and 16 pm, the particle can
be captured at either the central bright spot and the bright ring
as shown in Fig. 5(c), which is due to deeper potential barrier
shown in Fig. 5(d).
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Fig. 5. The 10-um-diameter particles trapped by Bessel beams with vari-
ous sizes. (a) Typical image of particles trapped in Bessel beam with the
width of central spot and first bright ring of 19.8 pum and 9.5 pum respec-
tively. (b) Simulated optical radial force (red solid) and potential profiles
(blue dash-dotted), and radial intensity distribution of Jy Bessel beam (black
dashed) related to the Bessel beam in panel (a) with circle denoting trap.
(c) Typical image of trapped particles in Bessel beam with a width of central
spot and first bright ring of 38 um and 16 wm respectively. (d) Simulated
optical radial force (red solid) and potential profiles (blue dash-dotted), and
radial intensity distribution of Jy Bessel beam (black dashed) related to the
Bessel beam in panel (c) with circles denoting traps.
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Fig. 6. Variations of trapped particle number with respect to the trapping
beam power. (a) Images of trapped particles at trapping beam power 50 mW,
65 mW, 80 mW, and 95 mW. (b) Trapped particle number versus trapping
beam power.

It is found that there are more particles trapped when the
trapping laser power increases. Figure 6(a) shows the images
of trapped particles under various power values of trapping
laser beam. We can see that the particles are mainly trapped in
the center of Jo Bessel beam when the power of the trapping
beams is ~ 50 mW. As the trapping beam power increases,
more and more particles are trapped at the bright rings. It is
to be expected because the bright rings are strong enough to
trap the particles when we increase the overall power. We fur-
ther plot the number of trapped particles with respect to the
power as shown in Fig. 6(b). It is seen that the total number of

particles trapped increases almost linearly with the increasing
trapping beam power.

The trapped particles (3 pm in diameter) can be trans-
versely manipulated by modulating the size and number of
rings of the Jo Bessel beam. Experimentally, we keep the
power of the trapping Jo Bessel beam fixed at 100 mW and
continuously increase the pump beam power from 135 mW to
185 mW. It is found that the trapped particles at the rings move
transversely with radius of the rings varying according to the
pump beam (Fig. 3) as shown in Fig. 7(a). To clearly demon-
strate the results, we set the center of the Jy Bessel beam to be
origin and mark the lateral positions of trapped particles under
various values of pump beam power. It is seen that the trapped
particles move to the origin by a distance of ~ 8§ um with the
pump beam power increasing.
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Fig. 7. Transverse manipulation of trapped particles with respect to pump
beam power. (a) Images of trapped particles atr pump power of 135 mW,
160 mW, and 185 mW. (b) Positions of trapped particles at different pump
beam power values.

4. Conclusions

In this work, we trapped and manipulated the particles
transversely by size tunable Jo Bessel beam obtained from
XPM based on the thermal nonlinear optical effect. The results
demonstrate that multiple PS particles can be stably trapped
for two minutes in the liquid, and the number of the trapped
PS particles can be controlled by trapped power. In addition,
the trapped PS particles can be manipulated laterally with a
micron-level precision by changing the size of Jy Bessel beam.
Compared with other devices that produce multiple optical
traps, our setup is flexible, low-cost, and easy to use. More-
over, this particle manipulation method of changing the size of
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the Bessel beam is superior to other methods. The merits of
high trapping efficiency and simple operation give this method
a great potential for the in-situ study of multiple particles and
a convenient tool in many areas, such as cell sorting and trans-
portation.
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