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Abstract: Optical traps formed in hollow-core fibers (HCFs) can overcome several limitations of
conventional free-space optical tweezers. One of the key issues is to load particles from free space into
the hollow core with high efficiency, in which process the capture dynamics of the particles in front of
the HCF endface plays an important role. In this work, a comprehensive model of the trapping and
capture process of the dielectric particles in front of HCF is established by taking into account the
features of the fiber modes and the motional parameters of the particles. Stable capture positions are
predicted based on analytical calculations of optical forces, and the dependencies of the equilibrium
axial trapping position on the beam numerical aperture, the fiber core and particle diameters are
provided. In addition, the trajectories and the capture dynamics of the particles are studied by
solving the equation of motion for the particles under the impact of optical forces, predicting feasible
parameter ranges of the initial amplitude and direction of particle launch velocity for achieving
successful particle capture in front of HCF. The results can provide guidance for further improving
the particle-loading efficiencies of the HCF-based optical traps, which may find applications of flying
particle sensors and long-range particle binding in HCFs.

Keywords: optical tweezers; hollow-core fiber; dual-beam optical traps; particle capture dynamics

1. Introduction

Optical tweezers are one of the most revolutionary technologies in the field of optics
and photonics, which are capable of manipulating micro- and nano-particles using the
mechanical effects of light [1,2]. Due to the advantages of non-contact and nanometer
precision manipulation, optical tweezers have become essential tools in many research
fields, including fundamental physics [3], biology [4], and aerosol science [5]. Single-beam
optical tweezers [2,6], also known as gradient force traps, use a highly focused single beam
to levitate particles near the focal point. In contrast, dual-beam optical traps consist of two
counter-propagating weakly focused laser beams that can achieve stable trapping through
the balance of scattering forces over a long distance [7].

Ashkin [1] proposed the first horizontal dual-beam optical trap in the year 1970
achieving the manipulation of transparent latex microspheres in water. Ref. [8] built a
dual-beam trap based on single-mode fibers, capturing polystyrene microspheres and yeast,
proving that dual-beam optical trap can be realized through two single-mode fibers. Jess [9]
et al. successfully captured polymer particles with 100 µm diameter at a power level of
800 mW in a dual-fiber trap configuration. Dual-beam trap permits multiple equilibrium
trapping points between the two fiber endfaces. M. Kawano [10] et al. used fiber-based
dual-beam optical trap to construct a multi-particle array, and then studied the binding
dynamics of such an array. The residual misalignment between the two beams is found to
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introduce an imbalance of optical forces, causing the trapped particle to oscillate, rotate,
and appear as complex motion behaviors [11].

Particle levitation and transport can also be achieved using ridge waveguides [12]
and photonic crystal fibers [13–18]. An optical trap formed in hollow-core fiber (HCF) is a
novel type of dual-beam trap with a super-long particle manipulation range. The system
can selectively capture particles in front of the endface of the HCF and launch them into
the hollow core [19], being levitated by the optical gradient forces. By changing the power
differential between the counter-propagating beams, the particles can be propelled at a
certain speed in either direction or stopped at a specific position along the fiber, by balancing
the optical scattering forces from the two sides of the particle. In this configuration, the
particles can be propelled over a long distance given by the fiber loss. In addition, HCF has
the advantage of shielding the airflow on particles to form a stably optical trap. From the
application point of view, Bykov [15] et al. constructed a flying particle sensor based on
optically guided particles in HCF, demonstrating the function of distributed temperature,
viscosity, and AC electric field sensing using flying particles.

HCF-based dual-beam optical traps can achieve precise alignment of the counter-
propagating beams, avoiding particle oscillations and rotations induced by beam misalign-
ment. One of the key steps in the experiment is to capture and to load particles into the
hollow core with high efficiency. This requires an understanding of the stably trapping
conditions in front of the fiber endface as well as the dependence of trapping dynamic
on the particle motion initial parameters, which are essential for further improving the
particle capture the successful rate. In this work, we report a detailed analysis of the optical
gradient and scattering forces, as well as the capture dynamics by solving the particle equa-
tion of motion. By modeling the motion states of particles during the capture process, we
investigate the conditions for stable particle capture and the axial stable capture position.

2. Optical Forces in Dual-Beam Trap in Front of HCF Endface

The sketch of the HCF-based optical trapping system is illustrated in Figure 1. A laser
beam with a central wavelength of 1064 nm is split into p and s polarizations after passing
through a half-wave plate (HWP) and a polarization beam splitter (PBS). Focusing lenses
are used to couple the beams into both ends of a horizontally placed HCF. The splitting
ratio of the two beams can be adjusted by rotating the HWP. The optical trap formed in
front of the HCF endface (the zoomed area in Figure 1) involves a diverging beam exiting
from the HCF and a converging beam coupled into the hollow core from free space through
lens 2. The waist of the p- and s-beam, which have orthogonal polarizations, are both
located at the fiber endface as illustrated in the inset of Figure 1. The definition of the
considered coordinate system is also sketched in Figure 1. Due to the symmetry of the
system along the z axis (horizontal axis), only the particle motion in the x-z plane cut along
y = 0 is considered.

Particles in the trap are subject to gradient and scattering forces. When the fundamen-
tal mode is launched into the HCF from both ends, under Gaussian approximation [19],
the light intensity coupled into the HCF (+z direction) at the beam center can be written as
I0,+z = 2P+/(πw2

0,+z), where P+ is the launched power through lens 2, w0,+z is the corre-
sponding beam waist radius. For the beam emitted from HCF (−z direction), its waist
diameter is related to the fiber core diameter D as w0,−z = 0.345D [20], giving a correspond-
ing light intensity I0,−z = 5.33P−/D2, where P- is the transmitted power from HCF. In this
situation, the configuration forms an asymmetric dual-beam trap due to the difference in
the counter-propagating beam divergence. Under Rayleigh approximation, the scattering
forces along the z axis generated from the +z and −z beam in front of the HCF endface
read as:

Fscat,−z(r) = −ẑ
0.67αzπ5nmd6

p I0,−z

cλ4 (
m2 − 1
m2 + 2

)
2 1

1 + d−2
−zz2

e
−16.8x2

D2(1+d−2
−z z2) (1)
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Fscat,+z(r) = ẑ
0.67αzπ5nmd6

p I0,+z

cλ4 (
m2 − 1
m2 + 2

)
2 1

1 + d−2
+zz2

e
−2x2

ω2
0,+z(1+d−2

+z z2) (2)

where d−1
+z = λ/πw2

0,+z, d−1
−z = 2.67λ/D2, λ is the optical wavelength, r =

√
x2 + z2 is

the distance from the particle with respect to the origin in the x-z plane, c is the vacuum
speed of light, dp is the particle diameter, np and nm is the refractive index of the particle
and the surrounding medium, respectively, and m = np/nm. The correction factor αz takes
into account the deviation of the Rayleigh approximation from the explicit solution of
Maxwell equations when the particle diameter is approaching to wavelength λ. To estimate
the correction factor, T-matrix method was also applied to calculate the optical forces,
which is developed on the basis of generalized Lorentz–Mie theory to accurately solve the
electromagnetic scattering problem [21]. Figure 2a–d compares the calculated axial optical
force using Rayleigh approximation (FRL, z, red) and T-matrix approach (FTM, z, blue) for
silica particles with diameters dp = 100 nm, 200 nm, 300 nm, and 400 nm. It can be seen the
Rayleigh model agrees well with the T-matrix method when dp~λ/10, and the deviation
grows as the particle size increases. Figure 2e,f (red dots) plots, respectively, the correction
factor αz = FRL,z/FTM,z and αx = FRL,x/FTM,x, thus the ratio between the axial and radial
optical forces, calculated using Rayleigh approximation and T-matrix method. It is found
that αz more strongly depends on dp, and αx is close to unity for the considered range of dp.
Given the particle refractive index, empirical equations relating the optical forces obtained
from the Rayleigh approximation to the T-matrix method can be established for different
particle diameters. The blue lines in Figure 2e,f are the corresponding polynomial fit to
obtain the empirical equations. In the case of axial force, the fitting equation reads as:

αz = FRL,z/FTM,z = 21.52dp
2 − 7.96dp + 1.712 (3)
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Figure 1. Schematic diagram of HCF-based optical trap. Inset: the red solid and dashed lines
represent the beam profile focused by Lens 2 and emitted from HCF, with arrows indicating the beam
propagation directions. HWP, half-wave plate; PBS, polarization beam splitter.
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In the case of radial force, the fitting equation is:

αx = FRL,x/FTM,x = 0.78dp
2 − 0.97dp + 1.25 (4)

With Equations (3) and (4), the optical forces can be rapidly calculated even if the
Rayleigh approximate becomes invalid.

Since the counter-propagating beam was set with orthogonal polarizations, the mutual
interference between the beams can be strongly mitigated. In addition, the path difference
of the counter-propagating beams can be set longer than the laser coherence length to
further eliminate the interference effect [10]. Under this assumption, the total scattering
force along z axis can be considered as the sum of the two contributions:

Fscat,z(r) = Fscat,+z(r) + Fscat,−z(r) (5)

Note the effect of lateral scattering force is negligible due to the small beam divergence.
The gradient force on the particle in the x and z directions are, respectively:

Fgrad,x(r) = −x̂
αxπnmd3

px
c

(
m2 − 1
m2 + 2

)[
I0,+z

w2
0,+z(1 + d−2

+zz2)
2 e

−2x2

w2
0,+z (1+d−2

+z z2) +
8.4I0,−z

D2(1 + d−2
−zz2)

2 e
−16.8x2

D2(1+d−2
+z z2) ] (6)
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Fgrad,z(r) = −ẑ
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Given the gradient forces, when a small offset ∆x from the equilibrium position of the
trap is present along x axis, the particle is expected to experience a restoring force in the
transverse direction:

Fgrad,x = −kgrad,x∆x (8)

kgrad,x is the transverse stiffness of the trap.

3. Equilibrium Trapping Positions in Front of the HCF Endface

Based on the optical force calculation, the equilibrium positions of the trap (zeq) in front of
the HCF endface can be predicted. Figure 3a plots the calculated Fscat,+z, Fscat,−z, Fscat,z, Fgrad,z
and Fz = Fscat,z + Fgrad,z over z, where z = 0 denotes the position of fiber endface. The simulation
parameters are set as follows: np = 1.45 (silica), nm = 1 (air), dp = 0.4 µm, the numerical aperture
of the focusing lens (NAlens) and the fundamental mode of HCF (NAfiber = λ/πw0,−z) is 0.08
and 0.1, respectively, D = 9.8 µm, λ = 1064 nm, and P+ = P− = 100 mW. It can be seen that for
dp = 0.4 µm silica particle, under the considered parameters, Fgrad,z is about one-tenth of Fz,
the contribution of which is negligible. The blue dot marks the stable axial trapping point
in which the Fz = 0 and the slope ∂Fz/∂z < 0. Figure 3b plots the simulation curve of Fz
over z under different ratios of NAlens/NAfiber. It can be seen that when NAlens/NAfiber
is less than 1, stable trapping points (blue dots) are present and the positions of which
become closer to the fiber endface when NAlens/NAfiber is approaching unity. In contrast,
when NAlens/NAfiber is greater than 1, the slope ∂Fz/∂z is positive when Fz = 0 (red dot),
indicating that it is an unstable trapping position. Thus, when the counterpropagating
beams have equal power, it is necessary to satisfy NAlens < NAfiber in order to achieve
stable particle trapping in front of the HCF endface.
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trapping point for different particle diameters when NAlens = 0.08 and NAfiber = 0.1. (d) Transverse
optical stiffness versus optical powers when dp = 0.4 µm.
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In addition, to stably trap the particle in front of the HCF, the transverse gradient force
needs to be strong enough to balance the gravity of the particle. Figure 3c shows the ratio
of transverse gradient force Fgrad,x with respect to particle gravity mpg (mp is the particle
mass, g is the acceleration of gravity) at the axial stable trapping point for different particle
diameters. It is interesting to note that Fgrad,x/mpg barely changes for particles of different
sizes, and the maximum Fgrad,x can be two orders or magnitude stronger than mpg. This
indicates that for the considered particle diameters, optical gradient forces are able to form
a deep enough trapping potential to overcome the particle random Brownian motion and
thus achieve a stable capture of particles in front of HCF. Figure 3d plots the corresponding
transverse trapping stiffness kgrad,x under different trapping powers (P = P+ + P− = 2P+)
for silica particle with dp = 0.4 µm, showing that kgrad,x increases linearly with the trapping
power, as expected from the theory of optical tweezers.

The equilibrium position of the axial particle trapping is expected to depend on the
particle diameter and the trapping beam divergence. Figure 4a plots the contour lines of
equilibrium trapping position zeq versus particle diameter dp and NAlens/NAfiber when
NAfiber = 0.05 (D = 19.6 µm). It can be observed that the NAlens has a more significant
impact on the value of zeq than particle diameter dp. As dp increases, zeq decreases, thus
the stable trapping point becomes farther from the HCF endface, the dependence of zeq
on dp also becomes weaker. This is because for smaller particles, the amplitude of axial
scattering (Fscat,z) and gradient forces (Fgrad,z) acted on the particle are comparable, both of
which can affect the value of zeq. Since the beams propagating along +z and −z directions
have distinct divergence, their difference in Fgrad,z can introduce a strong size-dependent
effect. As the particle size increases, Fscat,z turns to be much greater Fgrad,z (see Figure 4c),
the impact of Fgrad,z on zeq diminishes. In this situation, the value of zeq mainly depends
on the balance between P+ and P−, which is independent on dp. Figure 4b displays the
results when NAfiber = 0.1 (D = 9.8 µm). Compared with Figure 4a, it can be seen that the
stable equilibrium trapping position becomes closer to the HCF endface when NAfiber is
larger (thus for a smaller core diameter).
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Figure 4c plots the effect of particle sizes on the value of zeq when NAlens = 0.08 and
NAlens = 0.1, corresponding to the situation marked by the black-dashed line in Figure 4b.
It can be observed that the stable trapping point moves farther from the endface when dp
increases, and zeq varies sharply when dp < 0.3 µm as explained in the previous paragraph.
When NAlens is varied, as shown in Figure 4d, the smaller the fiber core diameter, the closer
the axial stable equilibrium point to the endface of the fiber. This is because the beam exiting
the HCF has a larger divergence for a smaller core diameter, The corresponding outgoing
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beam intensity and the optical forces drop faster along z axis, causing the equilibrium
trapping point to move towards the fiber endface.

4. Particle Capture Dynamics in Front of the HCF Endface

We further investigate the dynamics of the particle capture process in front of the HCF
endface by solving the equations of motion in the x and z directions:

mp
d2x
dt2 + 3πηdp

dx
dt

= Fgrad,x −mpg (9)

mp
d2z
dt2 + 3πηdp

dz
dt

= Fgrad,z + Fscat,z (10)

where the related optical scattering and gradient forces are calculated by Equations (1)–(7),
the terms of 3πηdpdz/dt and 3πηdpdx/dt are the corresponding viscous drag force acting on
the particle in the z and x directions, η is the viscosity of air. The Runge–Kutta method was
applied for numerically solving Equations (9) and (10), from which the particle trajectories
and speed during the capture process can be explicitly obtained. The absolute and relative
error tolerances of the iteration operation were both set as 10−6, which have been validated
with the simulation convergence. The initial condition of the particle motion is given
by the starting position (x0, z0) and the initial velocity (v0x, v0z). For convenience, the
initial velocity is expressed in terms of its amplitude v0 and angle of incident θ0 = arctan
(−v0x/v0z); thus, θ denotes the angle between the direction of the particle’s initial velocity
with respective to +z axis (see inset of Figure 5b). The simulation parameters were set as
x0 = 10 µm, z0 = −100 µm, np = 1.45, nm = 1, dp = 0.4 µm, mp = 0.87 fg, P+ = P− = 10 mW,
NAfiber = 0.1, and NAlens = 0.08.
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Figure 5. (a) v0-θ0 parameter space in the x–z plane determining the particle capture capability. The
solid lines are the boundary separating the space that can or cannot achieve particle capture for
different particle diameters. The area enclosed at the right-hand side of the boundary represents the
case that the particle cannot be captured. (b) Plots of particle trajectories in the vicinity of the HCF
endface for the three cases marked in (a) when dp = 0.4 µm. The red dot indicates the particle initial
position, the arrows indicate the direction of trajectories, and the cross indicates the equilibrium
trapping position. The two insets plot the zoom in of the regime in which the particle trajectories are
rapidly changed.

The area enclosed at the right-hand side of the solid boundary lines in Figure 5a
represents the regime that the particle cannot be captured. The cyan and red lines plot,
respectively, the case of silica particles with dp = 0.44 µm and 0.4 µm. It can be seen that
larger particles are more difficult to be captured in the given v0-θ0 parameter space due to
their greater inertia. It is interesting to note that if the particles could be captured at one
specific angle of incident (e.g., 0.51π when dp = 0.44 µm), it would be captured at any other



Photonics 2023, 10, 1154 8 of 10

incident angles. Figure 5a could be conveniently used to determine the suitable parameter
space so as to increase the particle capture success rate.

Figure 5b plots the corresponding particle trajectories in the x–z plane in the vicin-
ity of the HCF endface for the three marked cases (yellow dots) in Figure 5a when
dp = 0.4 µm. It can be seen that for cases 1 and 3, starting from the initial position (red dot),
the optical gradient force is capable of reducing v0x, guiding the particle towards the fiber
endface and finally to the equilibrium position (red cross) after several seconds. For case 2,
since the particle has a relatively high initial velocity, it quickly passes through the beam
with a short duration of light–particle interaction time. The particle therefore cannot be
captured by the beam since the particle momentum is too large to balance and the particle’s
trajectory is barely changed by the optical forces. When the particle speed is slow enough
to be captured by the beam (cases 1 and 3), its trajectory can be rapidly varied by the optical
forces within a short period of time, as shown in the insets of Figure 5b.

5. Discussions

The initial position of the particle may also influence the particle capture dynamics.
Figure 6 plots the trajectories of silica particles under different initial positions. The
simulation parameters are set as dp = 0.4 µm, P+ = P− = 10 mW, θ0 = π/4, v0 = 11.1 m/s.
The red, blue, and cyan dots represent the situation when the initial position is (10 µm,
−100 µm), (12 µm, −120 µm), and (1 µm, −100 µm), respectively. In case A, the particle
can be stably captured by the beam. If the particle can be stably captured from a certain
initial position (case A), under the same initial speed and angle of incident, it could also be
captured when the incident from a position further from the optical axis (Case B). This is
because air viscous drag could only reduce the kinetic energy of the particle and thus its
speed. When the particle is incident from a position closer to the optical axis, it may escape
from the trap due to a higher moving speed.
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Figure 6. Trajectories of the particles in front of the HCF endface for different initial positions (dots).
The arrows indicate the direction of trajectories, and the crosses indicate the equilibrium trapping
position (if possible).

It is worth noting that multiple-particle trapping is also possible along the axial
direction similar to the case of the longitudinal optical binding effect previously reported
in HCF [19]. In this situation, once a particle is captured by the beam, the analysis of
equilibrium positions as well as the conditions for capturing a secondary particle needs to
take into account the particle–particle interaction and the optical binding forces. This will
be investigated as future work.

6. Conclusions

The equilibrium trapping conditions and the dynamics of the particle capture process
in the HCF-based dual-beam trap configuration are systematically investigated. It is
found that the numerical aperture of the focusing lens is required to be less than that of
the HCF to achieve stable particle trapping in front of the HCF endface. The parameter
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spaces for successful particle capture in front of HCF endface, in terms of particle initial
velocity and its incident angle, are also given. The results provide a theoretical basis and
a convenient look-up table for choosing suitable particle loading parameters including
particle diameter, refractive index, numerical aperture of focusing lens and HCF, initial
position and velocity of the loaded particles, which are expected to routinely guide lab
experiments and numerous applications of HCF-based optical traps, for instance nano-
particle deliveries and flying particle sensors.
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