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Abstract: Optical traps, utilizing a laser to confine and manipulate microscopic particles, are widely
employed in various scientific applications. We propose a miniaturized dual-beam fiber optical trap
for acceleration sensing. It comprises two counter-propagating beams’ output from a customized
pair of single-mode fiber pigtailed focusers (SMFPF). We investigate the correlation between the
misalignment and the coupling efficiency of the SMFPF pair. By maximizing the coupling efficiency,
the optimal alignment is achieved. A multimode fiber (MMEF) is introduced to collect and transmit
side-scattered light of a trapped microsphere for motion detection. By analyzing the experimental
output signal, we acquire displacement information of the trapped microspheres under both aligned
and misaligned conditions. This paper provides a simple and practical solution for the alignment
of dual beams and the integration of the optical traps’ levitation and detection structure, which lay
a solid foundation for the further miniaturization of dual-beam optical traps.

Keywords: dual-beam fiber optical trap; miniaturization; multimode fiber; alignment

1. Introduction

Optical traps, also known as optical tweezers, are versatile tools that employ the
radiation pressure of focused laser beams to manipulate microscopic particles. They were
first demonstrated by Ashkin in the 1970s [1]. Since then, optical traps have been extensively
applied in various fields, such as biology [2—-4], fundamental physics [5,6], and precision
force measurements [7,8].

In acceleration sensing [9-11], particles trapped in optical traps serve as acceleration-
sensitive units. Various types of optical traps have been developed for acceleration sensing,
including single-beam optical traps [11,12] and dual-beam optical traps [13,14]. Compared
to the former one, dual-beam optical traps exhibit advantages such as higher resonant
frequencies, a larger measurement range, and improved stability, making them more
suitable for acceleration sensing. However, the dual-beam scheme requires a quite critical
alignment between counter-propagating beams, both in the radial and axial directions,
which gains the complexity of the system; increased complexity leads to a larger overall
system volume. In addition to the levitation structure, motion detection of the trapped
particles is also a crucial component of optical tweezers research. Conventional detection
schemes include microscopic image processing [15] and photoelectric detection [16-18].
These usually need extra optical elements, such as the objective, to process trapped particles’
scattered light.

Miniaturizing dual-beam optical traps is crucial for integrating them into compact
engineering and scientific research systems. But, the levitation and detection structures
require multiple optical components, hindering the miniaturization of conventional optical
traps mentioned above. Many research works propose chip-scaled optical traps, which
attain nanoscale dimensions through microfabrication techniques [19-21]. In addition to
on-chip optical traps, fiber optical traps are also a direction for miniaturization. Dual-beam
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optical traps can be easily built by two counter-propagating beams’ direct output from
two single-mode fibers [22,23]. To further enhance the stability of optical traps, fiber end
faces have been coupled with many nanofabricated structures to generate tightly focused
laser beams [24,25]. In dual-beam fiber optical traps, side-scattered light is usually used
for detection. There are also some novel fiber-based detection schemes, such as detection
based on laser Doppler velocimetry [26] and detection based on the multimode fiber
(MMF) [27,28].

In this study, we develop a compact dual-beam fiber optical trap with both levitation
and detection structures composed of fibers to realize miniaturization. The relationship
between the coupling efficiency of the dual beams and misalignment is simulated to
evaluate the misalignment and achieve optimal alignment easily. Furthermore, a ray optics
model is established to depict the response of the coupled-in-MMF scattered light power
with respect to the microsphere displacement. In the experiment, we acquire displacement
information of the trapped microspheres under both the aligned and misaligned conditions.

2. Coupling Simulation
2.1. Coupling Efficiency and Alignment

We customize a pair of 1064 nm single-mode fiber pigtailed focusers (SMFPF) to
miniaturize the core sensing component of optical tweezers. As shown in Figure 1a,
the SMFPF comprises a glass tube. A lens and single-mode fiber pigtail are glued inside
the tube. The SMFPF’s packaging dimensions are 2.78 mm in diameter and 9 mm in length.
A laser will be the output from the fiber pigtail and focused by the lens after beam expansion
in the glass tube. The outgoing beam of the SMFPF is a focused standard Gaussian beam.
The testing experiment shows that the SMFPF has a focal length of 3.5 mm with the focused
laser profile presented in Figure 1b. The numerical aperture (NA) of the SMFPF can be
calculated as 0.08 by fitting the Airy disk.
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Figure 1. (a) Schematic of an SMFPF. (b) Measured laser profile in focus. The dashed line indicates
the first dark ring of the Airy disk. The fitted Airy radius is 8 um. (c) The laser intensity along the
x-axis. The red dots represent the measured intensity distribution along the x-axis, and the black
curve represents the fitted curve.

The SMFPF pair is applied to build a dual-beam fiber optical trap. Based on the SMFPF
pair, we propose a simple and convenient method for alignment, which is maximizing
one SMFPF coupling efficiency from the other one. The coupling efficiency refers to the
proportion of light transmitted from one SMFPF to another. Once the highest coupling
efficiency is achieved, the best alignment of the SMFPF pair is accomplished, in both radial
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and axial directions. In order to acquire alignment accuracy, we study the relationship
between the coupling efficiency and misalignment.

The dual beams coupling model is shown in Figure 2. Two Gaussian beams are the
output from the left and right SMFPF, respectively, propagated in opposite directions,
and then converged near a specific point. We consider three misalignment parameters of
the two beams: axial offset d, radial offset r, and angular offset 6. The radial offset r is only
investigated in the y-direction due to the radial symmetry.

Figure 2. The dual beams coupling model. Take the focus of the right beam (represented in red) as
the origin, and the opposite direction of the right beam’s propagation as positive along the z-axis to
establish a coordinate system. The deviation of the two beams’ focus is decomposed into axial offset d
along the z-axis and radial offset r along the y-axis, while the angular deviation of their propagation
directions is denoted as the angular offset 6.

Denote the left beam’s wave function as:

2 2
Ei(d,r,0) = ni%c:‘(’;) Exp (—5}2((;))) Exp (—ikd ik 51{((;)) + ig(d)) Exp(ik8) (1)

where wy = 0.61A/NA is the beam’s waist radius, w(d) = wg/1+ (d/zy)?* is the beam ra-
dius, p(r) = (y—r)? is the radial distance, k = 27/A is the wave number,
R(d)=d {1 + (d/zo)z] is the curvature radius of the beam, {(d) = tan—1(d/z;) is a phase
factor, zg = w3/ A is the beam’s Rayleigh range, and A is the beam’s wavelength. Mean-
while, the right beam’s wave function can be simplified as E; (y) = \/HIW% Exp (—y2 / w(z)).
To simplify the calculation, both the left and right beams’ power is set to 1 W, calculated

asPp = [[ _JF;O |Eq |2dxdy for the left beam and similarly for the right. By using the overlap
integral, the left laser power coupled into the right can be described as [29,30]:

+oo 2
Pﬂz‘//m Ef - Epdxdy| . ?)
The coupling efficiency # of the left beam coupling into the right is defined as:
p, +oo 2
,7__‘// Ef - Epdady| . 3
P —o0

In our experiment, A = 1064 nm and wy = 0.61A/NA = 8 um. According to
Equations (1)—(3), the coupling efficiency # varies with the axial offset d, radial offset
r, and angular offset 6, as shown in Figure 3. Focusing solely on the variation of coupling
efficiency # with a specific offset, simulation results indicate that when the axial offset
d = 1 mm, or the radial offset ¥ = 12 um, or the angular offset § = 60 mrad, the coupling ef-
ficiency # will decrease from 1 to 0.1. The simulation indicates that the coupling efficiency #
with respect to the axial offset d, radial offset r, and angular offset 6 is symmetric. Therefore,
we only present the region where three misalighment parameters are positive. It shows
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that the coupling efficiency 7 is more sensitive to the radial offset r than the axial offset d.
Therefore, the radial alignment is the easiest to be achieved. Considering the experiment’s
limitations (the resolution of the translation stage), the axial alignment accuracy can reach
3 um, the radial alignment accuracy can reach 60 nm, and the angular alignment accuracy
can reach 0.5 mrad under ideal conditions.
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Figure 3. The calculated coupling efficiency 7 varies with the axial offset d, radial offset r, and angular
offset 6. The color gradient represents variations of the coupling efficiency #. The contour lines
corresponding to 7 values of 0.2, 0.4, 0.6, and 0.8 are marked.

2.2. Side-Scattered Light Tracking and Coupling in MMF

We build a ray optics model to track the scattering light of a 10-um-diameter silica
microsphere (refractive index is 1.46), which is trapped in the dual-beam optical trap in air.
In the experiment, we apply a step-index MMF with a core diameter of 1 mm, a cladding
diameter of 1.1 mm, and an NA of 0.22. Since the core diameter of the MMF is much larger
than the laser wavelength, the transmission of light in the step-index MMF can be analyzed
by ray optics [31]. The MMF core index is set to be 1.46 and the cladding index is 1.44.

As shown in Figure 4, the single incident laser beam is decomposed into thousands of
optic rays, each carrying different energy, and then hits the sphere. It is assumed that the
sphere is levitated at the optical trap center. Since the surface of the sphere is not perfectly
smooth, the incident light will be diffused and reflected in a random direction, leading to
energy loss as it scatters in various directions. Part of the side-scattered light will couple
into the MMF, and those that meet MMF'’s total internal reflection will be successfully
transmitted to the detector. By integrating all the rays that hit the detector, it is possible to
simulate the laser profile and power of the MMF’s outgoing beam.

Sphere ¢ = » D

L SMFPF MMF Detector
X

Figure 4. The ray optics model of the microsphere’s side-scattered light coupled and transmitted in
MMEF. The side-scattered light is guided via total internal reflection within the core of MMF. Take
the optical trap’s center as the origin of the coordinate axis, with the direction toward the fiber end
face considered as the positive x-axis. Abbreviations: single-mode fiber pigtailed focuser (SMFPF),
and multimode fiber (MMF).
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The side-scattered light that can be collected and transmitted is influenced by the
MMF’s relative position with the center of the optical trap. Maintain the sphere’s position
and the relative position of the detector and the MMF as unchanged. Figure 5 shows the
varying output beam profile of the detector when the MMF is moved to a new position.
As the distance between the MMF’s incident end face and the center of the trap increases
along the x-axis, the size of the output light diminishes. Additionally, when the MMF
deviates from the center of the trap in the z-axis, the output beam profile is presented as a
donut profile.

Figure 5. Simulated output beam profile on the detector when the center of the MMF’s incident end
face is located at (a) (1, 0, 1); (b) (0.2, 0, 0); (¢) (1, 0, 0) (Unit: mm).

To detect the trapped microsphere’s motion, we need to obtain the laser power on
the detector, which changes with the microsphere displacement. Fix the center of the
MMF’s incident end face at (1, 0, 0) (Unit: mm). Specifically, when the sphere is located at
(0, 0, 0), the calculated power is considered the reference power Pr. The normalized power
difference is denoted as AP/Pr = (P — Pr)/Pr to quantify how the power varies with the
sphere position, where P is the calculated power.

Based on simulation calculations and experimental experience [13], it is necessary
to ensure the existence of a monotonically increasing interval of at least 0.1 um for this
experiment. As shown in Figure 6, the fitted curves of the normalized power difference
conform to a quadratic polynomial pattern. But in the range of 0.1 pm, the fitted curve
can be approximately regarded as linear.
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Figure 6. The normalized power difference changes with sphere displacement along the x-axis. P is
the calculated power on the detector when the trapped microsphere is at different positions. Py refers
to the calculated power when the microsphere is positioned at the center of the trap. AP = (P — Pg)
is denoted as the difference between the two. The black solid line represents the fitted curve.

In actuality, the equilibrium position of the trapped sphere will not be completely
located in the center of the optical trap. According to the calculation results, due to the mi-
crosphere gravity, the authentic equilibrium point of the microsphere will be approximately
one hundred nanometers below the center of the optical trap. The simulation results in
this case are very similar to Figure 6. Hence, it is reasonable to conclude that the effect of
microsphere gravity on the experimental measurements is relatively negligible. Therefore,
it is feasible to use the MMF for displacement detection.
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3. Experiment
3.1. Experimental Setup

The schematic of the experimental setup is shown in Figure 7. The dual-beam
fiber optical trap is constructed by two counter-propagating beams’ output from a cus-
tomized SMFPF pair. The packaging volume of the core sensing component of the trap
is @ 2.78 mm x 25 mm. Using a 50:50 fiber coupler (Thorlabs Inc., NJ, USA, PNH1064R5A1)
to connect the SMFPF pair, respectively, ensures that the power of two outgoing beams is
equal. An objective (Nikon, Tokyo, Japan, CFI Apo NIR 60X 1.0W) and CCD (OMRON
SENTECH Co. Ltd., Ebina-shi, STC-MCAS5SMUSB3) are additionally set up to assist in
observing the trapped microsphere. The filter (Thorlabs TF1) blocks 1064 nm of wavelength
light, while preserving the white light emitted by the LED.

We introduce a step-index MMF (LBTEK, Shenzhen, China, MMC1000L-0.22-PC-1)
aligning to the trap’s center for motion detection. It has a core diameter of 1 mm, and an
NA of 0.22. It collects side-scattered light of the trapped microsphere at a distance of nearly
1 mm from the trap’s center. Due to the MMF’s aperture limitation, only a small amount of
side-scattered light can be collected and transmitted to the photodetector. The photodetector
outputs a time-domain voltage signal, which can be further converted into power spectral
density (PSD) to extract the displacement information from the side-scattered light.

CCD

=

filter —= TLED
Objective

PSD

[
|

X MMF D *
L.z N M 1064nm

laser

SMFPF

Figure 7. Diagram of the experimental setup. Abbreviations: 1064 nm 1 x 2 polarization-maintaining
fiber optic coupler with a 50:50 coupling ratio (“50:50”), 1064 nm single-mode fiber pigtailed focuser
(SMFPF), multimode fiber (MMF), photodetector (PD), and power spectral density (PSD).

The right SMFPF is fixed, while the left one is mounted on a 5-axis stage that enables
three degrees of translation and two degrees of rotation. The 5-axis stage is composed of a
3-axis translation stage with an accuracy of 1 um (Thorlabs NanoMax 300) and an angular
adjustment mount (Thorlabs KS1). We need to maximize the power of the laser output
from the right SMFPF by moving the left SMFPE. Optimal alignment is achieved when the
measured coupled power is maximum. The maximum coupling efficiency achieved in the
experiment is 53%, about two times larger than ordinary dual-fiber coupling. Since the
coupling efficiency # is very sensitive to the radial offset r, we assume that the radial offset
r is only at the nanoscale level, as shown in Figure 3.

3.2. Trapping Performance

As shown in Figure 8, a 10-um-diameter silica microsphere is successfully trapped in
the dual-beam fiber optical trap in air.

Figure 8. Images of a stable trapped microsphere. (a) Overall view of the dual-beam fiber optical
trap. The bright dot in the center of the photo is the trapped microsphere. (b) Microphotography of
the trapped microsphere.
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The single outgoing beam has a power P of 150 mW and a wavelength of 1064 nm.
The experiment shows that when the laser power Py is 150 mW, this optical trap can stably
trap silica microspheres with a diameter of 10 pm for at least six hours. The trapped
microsphere is observed to escape when the laser power reduces to 18 mW, consistent with
the calculation results. The experiment shows that the microsphere can also be trapped
with a coupling efficiency as low as 18%.

The MMF'’s outgoing beam has a power of about 100 pW. Figure 9 shows varying
normalized laser profiles of the MMF’s outgoing light as the relative position of the MMF
and the trap’s center changes, which is consistent with the simulated result (Figure 5).

-5 1
g 0.5
=

0

Figure 9. Measured laser profile of the MMF’s outgoing beam, when the MMF’s incident end face is:
(a) Axially away from 1 mm; (b) Radially away from 0.5 mm; (c) Radially away from 3 mm.

The sampling frequency of the photodetector is 58.6 kHz, and the sampling time is
about 1 s. The time-domain output signal is converted to PSD to evaluate the trap stiffness.
The microsphere centroid displacement’s PSD is described by the following equation [14]:

- ZkBT”y
Slw) = )

where kp is the Boltzmann constant, T is the environment temperature, « is the trap stiffness,
v = 6Ry is the Stokes damping coefficient, R is the radius of the trapped microsphere, u
is the dynamic viscosity, and m is the trapped particle’s mass. Since our experiment is at
atmospheric pressure and the environment temperature T is 297 K, the dynamic viscosity
# is 1.85 x 10~° Pa-s. Therefore, when the microsphere’s radius R is 5 um, the damping
coefficient 7y equals 1.74 x 10~? N-s/m in air.

The signal that can be measured directly is the voltage converted from the micro-
sphere’s displacement by the photodetector. By fitting the measured data with Equation (4),
we can obtain the voltage-displacement conversion factor and then calibrate the displace-
ment signal of the microsphere [32].

Figure 10 shows the voltage PSD of the photodetector and the corresponding time-
domain displacement signal of the microsphere when the microsphere is trapped by a
beam with a power Py of 150 mW.

@ 10 (

o
~
—_
ot

1326Hz

PSD(V/rtHz)
=
&
Displacement(nm)

1070

2 3 71_5 = =
10 10 0.5 0 0.5

Frequency(Hz) Time(s)

Figure 10. Measured results of the trapped microsphere’s motion when Py = 150 mW. (a) Voltage
PSD. The solid black line represents the partially fitted curve, and the frequency corresponding to its
peak is the microsphere resonance frequency fy = 1326 Hz. (b) Time-domain displacement signal.
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The calculated voltage-displacement conversion factor is about 8.4 x 10° V/m. We can obtain
the radial resonant frequency fy = 1326 Hz and the trap stiffness x = m - (271f)? ~ 80 pN/um.

Under the aligned conditions, we change the beam power Py to observe the displace-
ment PSD changes. Figure 11 displays that the different displacement PSDs as the beam
power Py are 60, 90, 120, and 150 mW under an alignment condition. After fitting, the cor-
responding radial resonance frequencies fy can be obtained as 736, 970, 1142, and 1326 Hz.
The resonant frequency f; is proportional to the root sign of the beam power /Dy. At
the same time, as the beam power Py increases, the Brownian motion displacement of
the microsphere exhibits a decremental trend and the resonance peak narrows. That is
because increasing the laser power enhances the radial force of the optical trap, leading to
an increase in trap stiffness.

10710

PSD(m/rtHz)

500 1000 2000

Frequency(Hz)
Figure 11. Measured displacement PSD changes with laser power Py. The solid lines represent fitted
curves of experimental data corresponding to their respective colors. Different triangles indicate
resonant frequencies and peaks under different laser powers P.

’

We further investigate the motion of the microsphere under different dual-beams
radial offset . When r = 10 um, it can be observed through CCD that the microsphere
begins to rotate obviously, with a displacement range of about 10 pm. When r = 13 um,
the microsphere escapes, and the coupling efficiency reduces to around 5%. Figure 12
shows the voltage PSD when the dual beams’ radial offset r is 4, 8, 10, and 12 pm.

1072k E
2
> 0
= 107°F E
w2
n-‘ 1
12pm -, "
10pm \
106} 8 pm
4 um ]
10! 10? 10° 10*

Frequency(Hz)

Figure 12. Measured voltage PSD under different dual beams’ radial offset  conditions. When
r = 10 um, the microsphere begins to rotate. When r = 13 um, the microsphere escapes from the trap.
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As the microsphere begins to rotate obviously, the PSD changes a lot. The radial
resonance peak of the microsphere is submerged, and the rotation peak of the microsphere
appears. The PSD has an arched shape and becomes steeper at a high frequency as the mis-
alignment intensifies. This is a typical PSD that appears when severe misalignment occurs.

4. Discussion

The above experiment detects the trapped microsphere’s motion by monitoring the
MMF’s outgoing beam power. Compared to single-mode fibers, larger core sizes and the
NA of MMFs enhance side-scattered light collection. However, several factors, such as
the incident angles [33,34], can impact the mode of the MMF’s output light, consequently
influencing the actual detection results to varying degrees. If more precise and detailed
simulation results of side-scattered light coupled in the MMF are needed, calculations
should be based on wave optics rather than ray optics.

Furthermore, the alignment of dual beams in the dual-beam optical trap holds signifi-
cant importance, because the trapped particle may rotate or escape when misalignment
happens [22,35]. Our experimental results based on different radial offsets also prove it.
The micron pinhole is commonly used to help align, but it requires an extra stage, which is
incompatible with our compact setup. Meanwhile, the operational steps of that method
are relatively complex and time-consuming. However, based on the calculated coupling
efficiency model, it is possible to realize the alignment of dual beams automatically and
evaluate three misalignment parameters. In subsequent work, with algorithms and sensing
technology, an automated alignment system has the hope of attaining heightened precision
in alignment while reducing operational time and complexity.

Previous efforts in on-chip and fiber optical traps have successfully reduced the size
of the optical traps to the micro and even the nanoscale levels [20,23]. However, trapped
particles of low mass and a liquid environment with a high damping coefficient pose
challenges in meeting the requirements for acceleration sensing. In the meantime, their tiny
dimensions make it difficult to offer sufficient space for trapping large-sized microspheres
in air. Compared to them, our millimeter-sized dual-beam fiber optical trap composed of
fibers provides a different solution of miniaturization for acceleration sensing. In addition
to the characteristics of miniaturization, it can provide adequate trapping stiffness for
microspheres around ten micrometers in size. According to calculations based on our
design, the maximum acceleration of the trapped microsphere is about 13 g. It also has
the capability for straightforward dual-beam alignment and trapped microsphere motion
detection. The attributes of miniaturization render it more adaptable to constrained spaces,
promoting portability and cost-effectiveness.

5. Conclusions

In this study, we develop a compact dual-beam fiber optical trap with both levitation
and detection structures composed of fibers, with the core sensing compnent’s volume
of ® 2.78 mm X 25 mm. The trap is constructed by two counter-propagating beams’
output from a customized SMFPF pair. We study the correlation between the coupling
efficiency of the SMFPF pair’s outgoing dual beams and three misalignment parameters,
namely the axial offset, radial offset, and angular offset. The simulation result shows that
the coupling efficiency is sensitive to the radial offset, which facilitates achieving precise
radial alignment. Based on the simulation results, we achieved optimal alignment in the
experiment. Under an alignment condition, the 10-um-diameter silica microspheres can be
easily trapped in air.

We introduce an MMF with a core diameter of 1 mm and an NA of 0.22 for the
detection scheme. It is applied to collect the side-scattered light of a trapped microsphere
and transmit it to a photodetector. A ray optics model is built to characterize how the
microsphere’s displacement affects the coupled-in side-scattered light power in the MMF.
It shows a linear detection range of at least +-0.1 um, rendering it suitable for experimental
applications. By monitoring the photodetector output signal, the resonant frequency and
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displacement information of the microsphere can be extracted from the PSD. We measured
the PSD under various laser power conditions and radial misalignment offsets.

Overall, this article’s alignment and detection schemes have proven their feasibility in
the simulation and experiments. Combined with the SMFPF pair, it can provide a simple
and practical solution for the alignment of dual beams and the integration of optical traps.
It serves as a new method for the miniaturization of dual-beam optical traps.
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