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ABSTRACT

We propose and demonstrate a new method for creation of fan-shaped optical vortex beams by rational phase modulation and assembly based
on a well-known conical vortex phase. Our design is different from the previously proposed method for generation of power-exponential
vortex beams. Such unconventional vortex beams consist of multiple spiral beam filaments (as the fan blades), and their overall beam size and
spiral angle can be readily controlled by adjusting the parameters. Experimentally, two examples of applications are illustrated with such fan-
shaped vortex beams: one is optical clearing through densely scattering particle suspensions; the other is optical shielding and transporting a
target particle from the suspensions by adding a donut pattern in the center (as the fan head). We envisage such specially designed fan beams
may be used as a multifunctional tool for microfluidic and biological applications that involve the complex environment of the living bodies,
especially for active isolation or separation of a trapped particle from fluid environments of high particle concentrations.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5133100

I. INTRODUCTION

Due to Ashkin’s pioneering work,"” optical tweezers have been
widely used as a versatile tool in many areas such as biology and life
science,” * atom assembly,”” and plasmonics.'’"” In particular, as
one of the powerful tools, optical tweezers empowered by specially
shaped optical beams play an essential role in multidimensional
optical trapping and particle transportations.”” *’ For example, a
vortex beam can rotate a microparticle or a cluster of microparticles
at ease, and a Bessel beam can be employed to trap different types of
microparticles in three dimensions.”"** Even though optical tweez-
ers can be used as a nontouching tool, in practical experiments, a
trapped particle or cell is often perturbed by surrounding particles
or impurities due to the Brownian motion in the fluid environ-
ment. As such, diluted samples with very low particle or cell con-
centrations are typically used.”” *° Even so, the target particle is still
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susceptible to ambient perturbations with the passage of
experimental time. To reduce such unwanted influence on the
trapped particle, manual movement of the trap and/or the sample
is often needed.

In recent years, in order to overcome the disturbance from
ambient perturbation, various beam shaping techniques have been
developed and implemented with an optical trapping system. For
instance, self-accelerating airy beams have been used for optically
mediated particle clearing,””** donut-shaped Laguerre-Gaussian
beams have been added to the optical tweezer setup as an optical
shield to exclude contaminating particles, and optical bottle beams
have also been used as a shield to protect trapped particles.”””” Dur-
ing the process of transporting a target object, specially designed
holographic optical tweezers can automatically bypass the incom-
ing particles in real-time without manual manipulation.’”” Most
of these methods involve either complex manual manipulation or
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user control as well as heavy calculations by the optical tweezers tool
since they are based on passively eluding the impurities. Thus, it is
desirable to have an optical tweezer tool with active clearing and
transporting functions through densely scattering particle suspen-
sions and related environments.

In this work, inspired by the fact that an electric fan can blow
away the impurities in air, we design and demonstrate rotary fan-
shaped optical vortex beams (FOVBs) that can be applied for active
optical clearing and transportation of a trapped particle in liquids.
Specifically, we first propose a new method for the generation of a
spiral beam by judicious phase modulation based on conical (sym-
metric) vortex beams, with precise control of the size and angle of
the spiral, which forms one blade of the FOVB. Our design is differ-
ent from the previously proposed method for generation of power-
exponential vortex beams.”””* Then, we “assemble” three such spiral
beams into a fan-shaped vortex beam with an intensity pattern akin
to three blades. More importantly, two examples of applications
are illustrated with such FOVBs: First, an FOVB is used for optical
clearing—the rotating fan blades “blow” away polystyrene particles
in a target area in the colloidal suspension, thus actively keeping
the area clean for a long time. Second, by adding a hollow beam in
the center as the fan head, a target particle is trapped in the cen-
ter and protected by the rotating fans since any intruding impurities
are blown away even during the transportation of the target parti-
cle. Our design may presage an effective photonic tool for optical
trapping and manipulation, especially when shielding and transport-
ing of a trapped particle through fluid environments of high particle
concentrations is unavoidable.

Il. METHOD AND RESULTS

The orbital angular momentum (OAM) of an optical vortex
beam can be transferred into the rotation of microparticles.”” To
generate a fan-shaped beam with OAM, we should tailor a spiral
vortex beam to form the fan blade. Thus, a spiral vortex beam with
precise control of the spiral angle and beam size should be generated
first by phase modulation. Generally, the helical phase of a canonical
vortex beam can be expressed as exp(ilf), where [ is the azimuthal
index, (topological charge) which can be either an integer or a frac-
tional number,'® and 6 is the azimuthal angle. In our design, we use
an analogous helical phase function exp(iy) to form noncanonical
vortex beams’” (or more precisely asymmetric spiral beams), where
v is expressed as

6 2
1,/:47-[;112(%) +m11’I129, (1)

where m; and m, are the two real parameters that control the size
and angle of the spiral intensity pattern and 0 changes from 0 to 27.
The first term of Eq. (1) 4ﬂm2(2ﬂ) = 2ﬂ(2m2)( ) is the phase
equation of power-exponent-phase vortex,”” and the correspond-

ing topological charge is | = 2m,. For the second term of the phase
function m;m, 0, we can get the topological charge is I = mm,. Thus,
the total equivalent topological charge from Eq. (1) is

l:2m2+m1m2. (2)

Typical theoretical and experimental results of the spiral vor-
tex beams are presented in Fig. 1, where the phase distributions [see
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Figs. 1(al)-1(a4)] are constructed by the phase function (1), and the
corresponding theoretical and experimental intensity distributions
of constructed spiral vortex beams are shown in Figs. 1(b1)-1(b4)
and Figs. 1(cl)-1(c4), respectively. Obviously, the variation of the
phase gradient in the phase distributions shown in Figs. 1(al)-1(a4)
can be controlled by adjusting the two parameters m; and m; in
Eq. (1). If we just alter the value of m; or m; in Eq. (1), the phase
gradient along the spiral will change correspondingly. As a result,
the size and spiral angle of the intensity patterns can be precisely
controlled. In the top panels of Fig. 1, from left to right, the param-
eter m; = 1.6 is fixed, but the parameter m; is changed: m, = 3.5, 7,
10.5, and 14. The angle of the spiral intensity patterns can be loosely
expressed as the length of the white dashed line in Figs. 1(c1)-1(c4).
Clearly, as m; increases, the size and angle of the sp1ral intensity
pattern also increase. It indicates that parameter m, not only can
control the size of the spiral intensity pattern but also can modu-
late the spiral angle. The experimental results in Figs. 1(c) agree well
with the simulation results shown in Figs. 1(b). On the other hand,
we observe that the radius of the output intensity distributions of the
spiral vortex beams is proportional to m;, whereas the spiral angle
does not change remarkedly with m,. Therefore, we can control out-
put intensity patterns of the spiral vortex beams by adjusting the two
parameters as needed.

The results above illustrate that we can control the intensity
pattern of a single spiral beam at ease. Now, our motivation is to
use such spiral beams for the construction of a new type of FOVB
that can be applied in optical manipulation in the fluid environment
of high particle concentrations.

The experimental setup for creation of various spatial inten-
sity profiles of the FOVB is very similar to that used in our previ-
ous work.”® Essentially, our phase synthesis method (how to “cut”
and “paste” the spirals) relies on the “cake-cutting and assembly”
approach to achieve the phase gradient for beam shaping. The phase
design and corresponding experimental results are presented in
Fig. 2, where the first row shows the phase distributions of designed
vortex beams under different settings [Figs. 2(a)-2(c)]. The second
row [Figs. 2( (f)] shows the correspondmg experlmental results
of the output 1ntens1ty distributions. After a series of numerical
tests, we found that the phase map [see Fig. 2(a)] with parameters

= 0.2 and m; = 32 is optimal for generation of a large-angle spi-
ral vortex beam [see Fig. 2(d)], and at this time, from Eq. (2), the
topological charge | = 70.4. Such a vortex beam can be used for gen-
erating one of three desired intensity blades for the FOVB [see the
dashed white rectangle in Fig. 2(e)]. To assemble the phase for the
fan beam, one region [labeled 1 in Fig. 2(a)] was “cut” and “pasted”
three times [labeled 2 in Fig. 2(b)] to get the phase d1str1but1on in
Fig. 2(b). Furthermore, the phase distribution of Fig. 2(c) is the same
as Fig. 2(b), except that the area within the dashed black circle was
replaced with a uniform phase. By overlapping this uniform phase
distribution with a simple blazed grating for the area inside the white
dashed circle, the field and corresponding intensity can be filtered
out [Fig. 2(c)]. As such, the uniform phase distribution between the
dashed black circle and the dashed white circle leads to a donut-
shaped “hollow” optical beam in the center of the fan beam, acting
as the fan head [Fig. 2(f)].

Next, by employing the above specially tailored FOVB, we
experimentally demonstrate optical clearing, optical shielding, and
optical transporting of polystyrene beads in colloidal suspensions.

5,016102-2
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FIG. 1. Numerical and experimental results of proposed spiral vortex beams. (a) Phase distributions of the designed vortex beams by changing parameter m, while keeping
my fixed. Corresponding numerical (b) and experimental (c) transverse intensity patterns of the output beams. From left to right, my = 1.6, and m, = 3.5, 7, 10.5, 14.

The beads have a 2 ym average diameter, suspended in water.

(multimedia view) shows the experimental demonstra-
tion of the optical clearing of a target area indicated by the dashed
red circle. - show the snapshots taken from the
corresponding video recorded when the time-lapse is 0 to 17, 36,
and 64 s, respectively. When the three-blade FOVB rotates clockwise
[see lower inset in ], four microparticles in the circled area
are gradually “blown” away as shown in (multimedia view).
This is due to the combined action of optical forces (arising from
the intensity gradient’’) and the OAM of the vortex (rising from the
phase gradient): the beads covered by the fan got attracted first to the
high intensity regions due to gradient forces and then “fanned away”
due to the angular momentum from the vortex phase gradient. (We
note that the main objective of this paper is to show our beam design
and its feasibility for particle clearing, leaving detailed force analysis
associated with fan-beam based optical tweezers for future work.)
Any impurity in the target area can be rapidly cleared out within
about 30 s. As such, the FOVB is used for effective optical clearing—
the spiraling of the fan blades is used to “blow” polystyrene parti-
cles away from the target area, keeping the area “clean” for a long
time.

In some experiments, a target particle is always surrounded
by other impurity particles as shown in , which hinders
us from trapping the target particle effectively. Especially, due to
the Brownian motion, the target is always strongly impacted by
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the surrounding particles in a fluid environment of high particle
concentrations. In order to solve this problem, using the modified
fan beam as shown in that can solely trap the target particle
is highly essential. As we see in , the target particle [pointed
by the red arrow in ] is trapped by the hollow beam [see
lower inset of ] in the center of the FOVB. Other particles
in the same area would be “blown” away by the clockwise rotated
optical spiral beam. It should be noted that when the target parti-
cle is trapped by the hollow beam in the center of the fan-shaped
beam, the blades of the FOVB cannot affect the trapped particle [see
]. On the other hand, the surrounding particles will be
driven and blown away by the blades. As explained earlier, this is due
to the combined action of gradient forces and angular momentum
from the blades.” " As such, the target particle was separated within
3 s and completely isolated within 14 s as shown in -
Therefore, by using a “headed” fan-shaped beam, effective optlcal
trapping and shielding of a target particle through a highly disturb-
ing environment can be effectively carried out [shown in ]
(multimedia view). We point out that the particle (nearly transpar-
ent at the wavelength used) is trapped by the gradient force rather
than by the absorption-based photophoretic force as done previ-
ously with optical bottle beams.” Here, to have the right beam size
for the fan head and to reduce the scattering force for the trapped
particle, the hollow beam is used in lieu of a bright Gaussian beam.
As seen clearly in , the target particle is trapped by the

5,016102-3
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whole hollow beam (which is slightly smaller than the particle)
rather than inside the dark core.

Finally, we perform an optical transporting experiment to show
that the above rotating FOVB can also be used for optical transporta-
tion of a trapped particle to a predefined destination bypassing the
obstacles along the way through densely scattering particle suspen-
sions. (multimedia view) shows the experimental demon-
strations of optical transporting of the particle by such FOVB. For
the convenience of operation, we use the FOVB to capture the par-
ticle and move the sample to observe the phenomenon. The red
arrow points the 2 ym target polystyrene microparticle which needs
to be transported. The red dashed arrow shows the moving direction
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FIG. 2. Experimental demonstration of
FOVB by phase assembly of the spi-
ral vortex beams. Top panels: phase
patterns. Bottom panels: experimentally
observed intensity patterns. (a) The
phase distribution of a modulated spiral
beam with parameters m, = 32 and my
= 0.2, and (d) the corresponding exper-
imental intensity pattern, for which the
effective charge of the spiral vortex is
| = 704. [(b) and (e)] Cut-and-paste
assembly of the phase from (a) to form
the three-blade pattern. [(c) and (f)] Gen-
eration of an FOVB by adding a donut-
shaped uniform phase pattern in the cen-
tral area and eliminating the field inside
the white dashed circle.

and path of the trapped particle, and the areas marked by the dashed
red circle in are the destination of the target. As shown in
- , when there are obstacles in the moving direction
of the target particle which has been captured by the central hol-
low optical beam, the impurities will be “blown” away by the rotated
FOVB. Thus, the trapped particle can ignore the obstacle particles
on the moving path [see clearly in corresponding video file of
(multimedia view)]. As a result, the target particle can be trans-
ported along a straight path (or any curved path) to the destina-
tion although impurities and perturbations are present in its sur-
rounding environment. Therefore, we have proved that this rotating
FOVB can be applied in optical clearing and transporting a trapped

(a3) S (ad) > \
2.0 "0 ¥

t=36s. % t=6as .

o = 0

D3 N7 7 (b4)

o 1€
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FIG. 3. Experimental demonstration of optical clearing and shielding of a particle (2 um polystyrene bead) by the FOVB [shown in lower insets in (a) and (b)]. (a) The optical
cleared area is marked by a dashed red circle. (b) The target microparticle (marked by a red arrow) is trapped in the center of the fan beam, while others are “blown” away. A

simple schematic diagram for the intensity distribution of the FOVB is added in
views: (a) and (b)
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. These images are snapshots taken from the corresponding video files. Multimedia

5,016102-4


https://scitation.org/journal/app
https://doi.org/10.1063/1.5133100.1
https://doi.org/10.1063/1.5133100.2

3 o b~ Sl N,

(Y o,": t=0s { )_ O’,.‘ O t=7s :()), (@) t=30s FIG. 4. Experimental demonstration of
2 el o) D 8 . ®) optical transportation of a target parti-
A d @) v @) oo O‘ v, @) cle (2 ym polystyrene bead marked by
o . O Q o O L % ( a red arrow) by the FOVB. The dashed
Q 8 (@) o) A red arrow shows the direction and the
(9 @) o O ° (o) ty 8€ position of the transporting particle, and
/ r\\)f Oo (S O, O @ ¢ OO O° / the dashed red circle marks the des-
L o O/ (@) O (o) Ooo @) O o C tination. For the convenience of oper-
e’ -~ O (@) 8 @) ation, we use the fixed FOVB to cap-
ture the particle and move the sam-
oY Q ple cell to observe the phenomenon.
)(d)_ O 80 OO OOO (e). Qo t=56s @ ¢ OOO 0o t=68s (a)~(f) show how the FOVB clears the
obstacles and transports the target to
OO t=41s OO o Oo OO( C0O ®) O OO OQ the destination, whi%h are the gsnap-
O (®) o © @ ( o) o @) ( shots at the time t = 0s, 7s, 30s, 41,
) @) O..‘ (@) Q O (@) 56s, 68s, respectively. These images
O b~ O @ O (@) (@) are snapshots taken from the corre-
®) v 8 @) @) O @ C)O 6 / sponding video files. Multimedia view:

o ~ 9\0’/' - o (@) qy/ 5 ®) o S - https://doi.org/10.1063/1.5133100.3

|
i~ — @) 2um
particle against ambient perturbation. It is worth mentioning that if REFERENCES

we change both the rotating direction and the direction of the phase
gradient (the topological charges from I to —I), the optical fan can
attract (rather than repel) the suspended microparticles in the lig-
uid. This may lead to future studies for concentration and guiding
particles through a narrow jet flow, which may find applications in
microfluidic manipulation, pharmaceutical research, and biology.

I1l. CONCLUSION

In summary, we have proposed and experimentally demon-
strated a new type of spiral optical vortex beam, especially a tailored
FOVB with three blade intensity patterns. We have shown that such
beams can be used for effective optical clearing and optical shielding
and transporting a target particle against impurity contamination
even in a crowded environment of high particle concentration. The
protection mechanism from our specially designed phase gradient
in the fan-shaped vortex beams makes it possible to be applied as an
effective shielding and transporting tool for target cells/particles. For
instance, the optical microcleaning function of the tailored FOVBs
may be quite helpful for quickly separating and sorting different
kinds of particles/cells or for large-scale transportation of particles
in microfluidic chip™ or a sick cell from biological environment.
Thus, we envisage this research may be applied in biomedical anal-
ysis and other fields. Clearly, our work may find applications in
optical trapping and manipulation and particularly for microfluidic
and biological applications that involve complex environment of the

. . 24,39-.
living bodies.”"” "'
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