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Abstract: Optical tweezers, as a kind of ultra-sensitive acceleration sensing platform, show a
minimum measurable value inversely proportional to the square of the diameter of the levitated
spherical particle. However, the coupling of the displacement measurement between axes becomes
notable, along with the increasing of the diameter. This paper analyzes the source of coupling in a
forward scattering far-field detection regime and proposes a novel method of suppression. We
theoretically and experimentally demonstrated that when three variable irises added into detection
optics, without changing other parts of optical structures, the decoupling of triaxial displacement
signals mixed with each other show significant improvement. The detection coupling ratio
reduction of 49.1 dB and 22.9dB has been realized in radial and axial direction respectively, which
is principally in accord with simulations. This low cost and robust approach makes it possible to
accurately measure three-dimensional mechanical quantities simultaneously and even go further
such as active cooling the particle to quantum ground state.
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1. Introduction

Optical tweezers (OT), as an intriguing tool in various areas such as cell biology, weak
mechanics sensing and quantum physics, enjoys increasingly attractive prospects [1-3]. A particle
levitated in OT is isolated from the thermal noise of clamping, which is a fundamental, unavoidable
source of dissipation in a traditional mechanical oscillator [4, 5]. Moreover, the optical interference
method can be easily used in OT to measure displacement with excellent spatial and temporal
resolution. Therefore, OT in high-vacuum can measure ultra-weak acceleration up to the nano-g
scale, as the state of art level in a mechanical sensing application [4]. There are many proposals and
experiments in exploring fields including non-Newtonian gravitation at sub-millimeter length
scales, as well as the precise measurement of static characteristics and temporal variations of earth
gravity [6, 7].

The minimum measurable acceleration in OT is inversely proportional to the square of the
diameter of the spherical levitated particle. At present, there are two OT schemes for levitating
large-sized particles: a single vertically upward beam or horizontal counter-propagating
dual-beams. In the former scheme, axial radiation pressure is balanced with gravity on the particle,
while pressures of the two beams cancel out in the latter scheme. The maximum diameter of particle
currently levitated in the two solutions is 14um [8] and 10pm [9], respectively. However, the latter
can levitate larger particles theoretically, due to radial radiation pressure being stronger than axial
one. Moreover, it has an applicability of working in a microgravity environment.

Owing to its axial symmetry, the particle centroid is naturally on the optical axis in OT with a
single beam and a spherical particle, but this is not true in misaligned OT with multi-beams.

© 2020 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202007.0496.v1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s20174916

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2020 d0i:10.20944/preprints202007.0496.v1

Misalignment leads to the motion information of one axis to be coupled to another in displacement
detection. Coupling becomes notable as particle size increases and comes near to beam waist [10]. To
a certain extent, it limits acceleration detection performance. Unfortunately, it is challenging to
ensure the coaxiality of counter-propagating beams. Aiming focuses of two beams at the same
pinhole is commonly used for alignment in OT. However, a radial alignment error (RAE) of only
about 1 um can be reached due to restriction by the coaxiality of the tubular pinhole and the two
beams. This error is defined as the distance between the particle centroid and the optical axis when
forces on it are balanced. Increasing beam waist can weaken coupling, but it also drastically reduces
detection sensitivity. Furthermore, detection, already restricted by other noises such as Johnson
noise, deteriorates seriously. Response bandwidth also decreases and the chance of applying OT in
realms of high-speed particle motion is missed.

Although a spherical particle of 3um in diameter [11, 12] or 10pum [9] has been levitated in
experiments in OT of dual-beams, the maximum diameter according to theoretical research on
particle translation detection regime is only 1um [10]. We chose to suspend a ball of 10um in
diameter both in the simulation and the experiment in OT of dual-beams. Moreover, its coupling
was analyzed with forward scattering far-field images acquired by the Fresnel diffraction method.
There is a novel method proposed to suppress coupling, adding a variable iris in front of the
photo-detector on each axis. Experiments show a reduction of 49.1 dB in detection coupling ratio
radially and that of 22.9 dB axially, which basically corresponds with simulations. These make it
possible to accurately measure three-dimensional mechanical quantities with OT simultaneously
and do further operations beyond it such as active cooling the particle to quantum ground state in
low gas pressure in basic physics research. Moreover, the original optical structures of levitation
and detection do not need to be changed, because these three variable irises are set just behind all
optical components in OT. A laser beam profiler is also employed for the temporary recording of
far-field images. Importantly, the above methods have advantages of low cost and good structural
compatibility.

2. Theory

2.1. Displacement detection and coupling

Most mechanical quantities to be measured in OT are directly related to the levitated particle
centroid displacement detection. The displacement detection methods mainly fall into two camps:
recording far-field interference images directly [13, 14] with sensors such as CCD or measuring the
intensity of each part of the far field interference image with sensors such as four-quadrant
photo-detectors (QPD) and a balanced photo-detector (BD) [10, 11, 15, 16]. Although the former can
obtain more information from the image, its detection sensitivity is impaired by a time-consuming
image transmission and process. Thus, the latter one should only be used when pursuing a detection
of ultra-low mechanical quantities.

The typical QPD scheme of particle centroid displacement detection in OT is shown in Figure 1.
If the optical radiation force for levitating particles is provided by beam No. 1 only, it is then called
single beam OT. In contrast, sometimes there is a counter-propagating beam No.2. This is reflected
by BS and focused by a condenser, thus forming counter-propagating dual-beam OT.
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Figure 1. Typical QPD scheme of particle centroid displacement detection in OT. Beam No. 1 is
incident on the particle after being focused by the objective, whose focus approximately coincides
with the condenser, thus incident light and forward scattered light are both collected by the
condenser. Once they have passed through the beam splitter (BS), a far-field interference image is
formed on the photosensitive surface (yellow) of the QPD.

As shown in Figure 1, one radial direction of beam is defined as the x-axis, and the beam
propagates along the positive z direction. This set of coordinates is always used below. Assuming
that the voltages obtained by converting light intensity on the four photosensitive surfaces are
Vy,values for k = 1 to 4, respectively. Supposing Vy = V; +V, + V3 +V,, the final detection response
of each axis will be [12]:
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where symbol <> means time-domain average. The response of BD is the same as of QPD, while
smaller photosensitive surfaces are used for detection at higher bandwidths and of lower electricity
noises. For convenience, only the QPD method will be discussed below.

Assuming that Vj; is i-axis detection response resulting from j-axis motion, i =%, y, z and
J =X, y, z are always applicable hereinafter if not mentioned. The above total response of i-axis
detector can be expressed as:

V, = j:xzy,zv‘j' 2

The levitated particle in OT is always collided by the surrounding gas molecules, thereby generating
irregular thermal motion. It’s a kind of main noise source of displacement detection under relatively
high gas pressure. The thermal motions of the particles on three-axis are all random and
uncorrelated to each other. The motion information of other axes will become noise in the
displacement detection signal of one specific axis. It is not easy to separate the three-axis motion
information from the voltage output on one displacement detector. That’s difficult especially for
large-sized particle because its main motion component occupies the zero frequency area on all three
axes. The definition of i-axis detection coupling ratio resulting from j-axis motion will then be:

i =70 17 3)
)

The logarithmic form R;;(dB) = 10log,oR;; is often used there. There are six items for tri-

axial displacement detection coupling, but only Ry, R,, and R, need to be considered owing

Xy’
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to axial symmetry. In general, the motion range of the particle centroid does not exceed the
micrometer scale, and is much smaller than the beam waist of several micrometers. Therefore,
the detection response is nearly linear with displacement. The j-axis motion detection sensitiv
ity of i-axis detector is defined as:

By =V /%, 4)

where x; is the particle displacement of j-axis.

2. Materials and Methods

2.1. Setup in simulations and Experiments

We use the same structure explained in Figure 1 with dual-beams in simulations and
experiments. The silica microsphere diameter is 10um. Other parameters are as follows: the
numerical aperture (NA) of objective and condenser are both 0.15; laser wavelength in vacuum A1 is
1.064 um; the ambient medium is air, thus its refractive index nyeq = 1. Consequently, the diameter
of incident beam waist is about 4.5um. The focal length of condenser f; and objective f, are both
18.4mm. The QPD is placed 0.2m behind the condenser. In the OT structure we used, the intensity of
each beam is 800mW. The particle is nearly on the optical axis and is 10um away from the focus,
along the beam propagation direction.

2.2. Forward scattered far field computation

2.2.1. Computation principle

Increasing detection information is a feasible way to coupling suppression. The QPD method
can only obtain the total intensities of four parts of the far-field interference image, while image
recording methods are defective in accuracy by getting intensities of many points. Herein we try to
find out the characteristics of a far-field interference image, which are more closely related to the
positional change of a particle by a combination of simulation of and experiment on the QPD
detection regime.

Triaxial QPD detection responses of OT with single Gaussian beam structure have been
calculated by means of Rayleigh scattering [15, 16], Mie scattering [17] and the extended boundary
condition method [10]. Only the last method can analyze large-sized particles up to several
micrometers with acceptable time-space complexity of computation of about less than one day. It
obtains the forward scattering near-field represented by spherical harmonics function [18]. Field
values within a certain solid angle are then accumulated to get responses on the QPD. Coupling has
been revealed in OT, where the diameter of laser beam and spherical particle was 0.43pum and 1um,
respectively [13]. However, it expresses far-field with endless distance approximation. Thus, an
interference image at a limited distance cannot be acquired this way. We yield the interference image
through twice Fresnel diffraction [19], as shown in Figure 2. The first diffraction is calculated with
the single fast Fourier transform (SFFT) method, and the second one with the double fast Fourier
transform (DFFT) method.
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Figure 2. A schematic of obtaining the far-field interference image by twice Fresnel diffraction. First,
near-field Ey(r) is changed into sample values E;(n,m) in a Cartesian coordinate system. Secondly,
field E;(n,m) on the front surface of condenser is calculated by the SFFT method. It is Then
multiplied by the lens phase function and turns into E3(n,m). Finally, the interference image
E,(n,m) is obtained by the DFFT method.

2.2.2. Computation complexity

For the OT structure we used, the derivation below shows that 253 instances of computation are
needed if DFFT is chosen as the first Fresnel diffraction method compared with SFFT. Furthermore,
nine instances of computation are required for SFFT compared with DFFT in the second diffraction.
The lateral size of the main energy region (MER) near the particle is L;, and is L, for far-field on the
front surface of condenser. L, = 2fitan (asin (NA/npeq). The number of sampling points both at the
near and far field is N;. The grid size of diffraction surface is L; while that of the observation
surface is Ly. L4 = NgALg/L; in the SFFT method where Lg is diffraction distance and Lg = f;.
L, = L3 in the DFFT method. Therefore, two sets of conditions need to be met. First, the sampling
space needs to cover MSR. Secondly, the number of sampling points in MSR is not less than Np,;,.
Those are:

L >L,

> )
s = "Vmin

N, /L, >N,
Values for N; are at least 1800 and 100 in the first and second diffraction, respectively, when Ny, is
equal to 100.

2.2.3. Computation errors

The SFFT and DFFT methods are both based on scalar diffraction. Paraxial approximations
should therefore be taken into account [20]. The intensity distribution of the image rather than the
phase is concerned there, that is:

L > L, =+2(L, /2% /2. 6)

Ls is 18.4mm and Ly equals to 0.2mm in OT structure we used. The grid size of diffraction surface
also needs to be much larger than wavelength, hence:

L > A )

Ls is 350um and A equals to 1.064um in OT structure we used.
Only the forward scattered field is considered above, while the backward field of the second
beam is ignored in OT with counter-propagating beams. Simulation shows that backward field
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intensity is two orders of magnitude lower than that of the forward one because of the low refractive
index and Mie scattering state.

3. Simulations

3.1. Simulation of computing forward scattered far field

For the OT structure we used, images in Figure 3(a) show the simulation results for the far-field
interference image when the particle moves the distance A, along the x-axis. The factor A, is just
the RAE mentioned above. Images in Figure 3(b) are simulation results for the scenario when
particle moves the distance A, along the z-axis. The particle is on the optical axis, and is 10pm
away from the focus of Beam No.1 when A, =0 and A, = 0. More specifically, the particle is closer
to the condenser compared with the focus of Beam No.1. Curves in Figure 3(c) are the normalized
laser intensity distributions of the interference image in horizontal cross-section in Figure 3(a),
whereas curves in Figure 3(d) are those of Figure 3(b) by the same token.
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Figure 3. (a) Far-field interference images in simulation under different radial displacements of
particle. (b) Far-field interference images under axial displacements. (c) Horizontal cross-section of
(a). (d) Horizontal cross-section of (b).

It can be seen from Figure 3(a) and 3(c) that the interference image is similar to an Airy disk
when the particle is exactly on the optical axis. These images all have a bright spot and ring with an
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outer diameter of about 8mm. Conversely, only the spot is present if particle size is much smaller
than beam waist, which can be explained qualitatively by the diffraction principle. The spot is
shifted to left side when the particle moves right, but the ring stays in place. It is clear from Figure
3(c) that the ring intensity increases on the left and decreases on the right, while spot intensity is
almost fixed. Based on Figure 3(d), the intensities of the spot and the ring both gradually decrease
when the particle moves along the beam propagation direction. The former changes more obviously,
while their central positions remain unchanged. Since images in Figure 3(a) reflect RAE directly,
they can also instruct alignment, as well as monitor structural changes in OT.

3.2. Simulation of decoupling with the modified QPD method

A difference in laser intensity between the two halves of the interference image corresponds to a
radial signal in QPD. Neither the spot nor the ring in the image is divided equally by QPD, when the
particle is not on the optical axis as in Figure 3(a). Therefore, the radial detector responds to axial
motion in that case. If an iris is set before QPD to filter out the ring and retain the spot in the image,
the equally divided spot provides information of lateral motion only. The axial signal is derived by
the total laser intensity variation of the image. When the particle is not on the optical axis, axial
detection coupling occurs, since laser intensity changes on both sides of the ring cannot cancel each
other out, as seen in Figure 3(c). The setting of an iris eliminates the ring and is expected to suppress
this coupling.

Assuming that the two beams only have RAE in the x-axis direction in the OT structure we
used, Figure 4(a) shows the relationship between RAE and R,, when using the conventional QPD
method and the modified QPD method in interference image simulation, with different iris
diameters Djs. Similarly, the relationship between RAE and R, is described in Figure 4(b). Ry, =
Ryx and their value is always no more than -80 dB even if the RAE deteriorates to 1 pum, thus no
further analysis for them is provided below.
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Figure 4. (a) The x-axis detection coupling ratio resulting from z-axis motion Ry, under different
RAE in conventional QPD and modified QPD methods. (b) The relationship between the z-axis
detection coupling ratio caused by x-axis motion R,y and RAE in conventional QPD and modified
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QPD methods. (c) The x-axis motion detection sensitivity of x-axis detector By, under different RAE
values. (d) The relationship between the sensitivity of z-axis detector B,, and RAE.

Detection coupling ratio Ry, and R,; grow rapidly as RAE increases. When RAE reaches to
0.3pum in conventional QPD, these will increase to -16.7 dB and 13.5 dB, respectively,. When iris
diameters in modified QPD are set to 3mm and 5mm, respectively, the values for coupling
suppression are optimal radially and axially, reducing to -25.7 dB and -23.2 dB, respectively, when
RAE equals to 0.3um. That consists a diminution of coupling detection level up to 9.0 dB radially
and 36.7 dB axially. As RAE increases, the amplitude of coupling repression also attenuates rapidly.
This means that the modified QPD method can have a better coupling suppression effect, if the
alignment is improved in advance. Figure 4(c) takes on the relationship between RAE and fyy,
while Figure 4(d) demonstrates that f,,. fxx decreases by about 6.6 dB, when using 3mm iris as an
optimal diameter. Furthermore, f,, increases by an order of magnitude only in modified QPD.

4. Experiments

4.1. Experiment of recording Forward scattered far field

The far-field interference image was recorded by a beam profiler as in Figure 5(a), with its
vertical cross-section shown in Figure 5(b). In the latter figure, the cross-section (blue solid line) is
compared with the simulation curve (red dotted line), when RAE = A, = 0. When considering the
relative central position of the spot and the ring in Figure 5(a), RAE is no more than 0.3um. In the
experiment, RAE was mainly concentrated in the horizontal direction and the spot was slightly
down in the vertical direction. First, a pinhole of 5um diameter was put into OT and we aimed the
focuses of two beams at it. However, the thickness of the pinhole cannot be infinitely small, with the
one we selected of about 50um. It is difficult to guarantee a coaxiality of less than 1/25 radian and
ensure at most 1um RAE in free space by manual adjustment. The particle will be at the midpoint of
the line connecting the focal points, assuming that the counter-propagating dual-beams are exactly
the same. We used images in Figure 3(a) to instruct alignment, and then Figure 5(a) was acquired.
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Figure 5. (a) Interference image before QPD in the experiment. (b) Vertical cross-section of (a) with
the simulation curve.

4.2. Experiment of decoupling with the modified QPD method

A variable iris was placed in front of QPD on each axis in modified QPD method in experiments,
as close to it as possible to reduce the diffraction effect. Simulations in Figure 4(a) and 4(b) indicate
that the iris should eliminate the ring in the radial detection entirely, and keep half of that axially.

In theory, detection coupling ratio between axes R;;,i # j can be measured by exerting a
known force on the levitated particle in OT. But it’s not easy to implement in practice. The thermal
motion of the particle in OT will drown out the known force signals that we applied under relatively
high gas pressure. On the other hand, increasing the known force exerted may cause the particle to
deviate too far from the linear response region of the QPD detection, to accurately measure the
coupling ratio.


https://doi.org/10.20944/preprints202007.0496.v1
https://doi.org/10.3390/s20174916

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2020 d0i:10.20944/preprints202007.0496.v1

In contrast, the displacement power spectrum (PSD) of the particle is a more convenient tool for
checking the coupling ratio, as it's unnecessary to add devices of applying known forces into the OT
and choosing the magnitude of the force carefully. Displacement PSD on the j-axis in OT can be
described as [20]:

Sy j(@=2<x > f (), (8)

where f;(w) is the normalized Lorentz function: QfT,/ [(QJZ — (uz)z + a)ZI'OZ], I, is gas damping.
and (); is intrinsic angular frequency, which is close to angular frequency at the resonance peak in

PSD. Next, the output voltage PSD of the i-axis motion detector, according to Equation 2 and
Equation 4, is determined as follows:

Sin (C()) = Z ﬂij Sxx,j (a)) (9)

i=xy.z

The voltage PSD of the single axis detector shows multiple peaks when coupling results from the
difference in ; and irrelevance of motion between the axes. In general, Q,is much less than (Q,.
Thus, BixSxxx(Qy) > BZSxxz(Qy). When coupling is serious enough that 2,5,y 2(Q;) > BaSxxx(Q2),
R,, will be:

SW,X(QZ) - ﬂxzzsxx,z (Qz) _
Sux (@) BiSex(@)

On the contrary, only the upper limit of the coupling ratio can be obtained under mild coupling. The
limit is:

(10)

CBS.,(Q) A
T gES Q) BRQE

(11)

where Q i =8 /To » 3,andj = x,y,z. The ratio R,, follows the same derivation process as above,
except that the equal sign needs to be changed into the less-than sign in Equation 11.

As a result, the reduction of gas pressure can lower the upper limit of PSD method for checking
the coupling ratio. The reduction of gas pressure also wakens the collision thermal movement and
improves the signal to noise ratio of the above exerting known force method. But the reduction of
gas pressure can’t go on all the time because the levitated particle is more likely to escape from the
OT in lower gas pressure. In order to ensure the particle stably exist in OT under low pressure, and
the mechanical energy of it is continuously reduced, we need to apply appropriate feedback force on
the particle according to the position and velocity information of it. This is the so-called cooling.
Apparently, the cooling effect depends partly on the accuracy of the particle position measurement,
which is closely related to detection coupling.

Figure 6(a) shows S, x(w) in logarithmic form with conventional QPD or the modified CPD
method with an optimal iris diameter. That is, S, x(w) (dB) = 1010g10[SW,X(u))]. And Figure 6(b)
tells that of S, ,(w) (dB). The coupling ratio R;;,i # j is then exactly the height difference between
peaks at frequency 1, and Q, along the same line in Figure 6(a) and 6(b).
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Figure 6. (a) Output voltage PSD of x-axis motion detector S, x(w) (dB) in conventional QPD and
modified CPD method in experiment. b) That of Syy,(w) (dB) in conventional QPD and modified
CPD method in experiment.

When using modified QPD, Ry, was meliorated from 36.0 dB to -13.1 dB, and this method also
reduced R, from -5.5 dB to -28.4 dB. That is, a reduction of detection coupling ratio occurs up to
49.1 dB radially and 22.9 dB axially. Signal strength increases by 14.3 dB axially around resonance
peak, and decreases by 11.0 dB radially in the range of 500 Hz to 10 kHz. According to Fig. 6, there is
no loss of bandwidth.

4. Discussion

Apart from misalignment, there are other factors that affect detection accuracy. When using
conventional QPD methods, Ry, =36.0 dB for the red line in Fig. 6 (a), that is much higher than that
in the simulation, as in Fig 4 (a). This appears to be caused by asymmetric beam shape, increasing
off-centering of the spot division in the interference image. The laser intensity on the right side of the
ring in Fig. 5 (a) can confirm this, showing that modified QPD can suppress it and spatial filters may
help to improve beam quality.

Voltages PSD of the red line in Fig 6 (a) and the blue line in (b) take on apparent second and
third harmonics of the pretty large amplitude of z-axis motion. It indicates a nonlinear relation
between Vi, and x,. Nonlinearity is less than -25.1 dB for the second harmonic and -32.5 dB for the
third one. Furthermore, it can be reduced by of other means of detection or by controlling the z-axis
motion of the particle.

5. Conclusions

Overall, optical tweezers with counter-propagating beams and a large-sized particle is a
technology with great potential, which is applicable in fields of research such as cell biology, weak
mechanics sensing and quantum physics. However, its measurement accuracy faces challenges due
to coupling of different axes. This paper proves that coupling is caused by misalignment from the
perspective of the forward scattering far-field.

A new method of suppressing coupling is proposed herein, adding a variable iris in front of the
QPD photo-detector on each axis. Experiments show a reduction of 49.1 dB in detection coupling
ratio radially and that of 22.9 dB axially, which is basically in accord with simulations. These make it
possible to accurately measure three-dimensional mechanical quantities with OT synchronously and
even do further operations beyond it such as active cooling the particle to quantum ground state in
ultra-low gas pressure in basic physics research. The measurements of bandwidth and signal
strength do not suffer a great loss in these methods as opposed to those such as increasing beam
diameter. A laser beam profiler and three variable irises are added into OT without changing the
original optical structures of levitation and detection. Thus, they provide simple operation at a low
cost and structural compatibility.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video S1: title.
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