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Abstract: As a kind of ultra-sensitive acceleration sensing platform, optical tweezers show a minimum
measurable value inversely proportional to the square of the diameter of the levitated spherical
particle. However, with increasing diameter, the coupling of the displacement measurement between
the axes becomes noticeable. 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 are added into the detection optics
without changing other parts of optical structures, the decoupling of triaxial displacement signals
mixed with each other show significant improvement. A coupling detection ratio reduction of 49.1 dB
and 22.9 dB was realized in radial and axial directions, respectively, which is principally in accord
with the simulations. This low-cost and robust approach makes it possible to accurately measure
three-dimensional mechanical quantities simultaneously and may be helpful to actively cool the
particle motion in optical tweezers even to the quantum ground state in the future.
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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 force in a measurement of bandwidth b is Fi,in = +/4kgTmI'\b for
a microsphere with mass m, radius r and density p when laser cooling not exerted, where viscous
damping factor I'\y = 16P/mpvr [8]. kg is Boltzmann constant and T is temperature of the sphere
surface. P is background gas pressure and v represents the mean speed of gas molecules. Then

.. . Fomi 3kgTPb . . .
the minimum measurable acceleration apj, = —»* = ,;in BT%Z o rlZ since other variables in the

equation are all completely independent of . Thus, weaker acceleration can be detected when larger
particles suspended. At present, there are two OT schemes for levitating large-sized particles: a single
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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
14 pm [9] and 10 pm [10], respectively. However, the latter usually has a larger response bandwidth,
due to radial radiation pressure being stronger than axial one in the same beam. 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 truly a misaligned OT with multi-beams.
Beam misalignment is defined as the incomplete coincidence of the focuses and optical axes of the
multi-beams in OT. The distance between the particle centroid and the optical axis xy, are usually
positively correlated with, the radial distance of focuses of two beams. As a special case, the former
one is the half of the latter one if the structure and intensity of two beams are identical. Coupling
becomes notable as the sphere diameter is close to the order of the beam waist diameter at focus and
the particle centroid deviates from the optical axis. However, the relation between coupling-detection
and the ratio of sphere diameter and beam waist at focus has not been quantitatively described [11].
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, Distance xx of only about one micrometer 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 three micrometers in diameter [12,13] or 10 micrometers [10] has
been levitated in experiments in OT of dual-beams, the maximum diameter according to theoretical
research on particle translation detection regime is only one micrometer [11]. We chose to suspend a
ball of 10 pum 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 photodetector on each axis. Experiments show a reduction of 49.1 dB in coupling-detection 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
may contribute to do further operations beyond it such as actively 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

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 [14,15] with sensors such as CCD or measuring
the intensity of each part of the far field interference image with sensors such as four-quadrant
photodetectors (QPD) and a balanced photodetector (BD) [11,12,16,17]. Although the former can obtain
more information from the image, its detection sensitivity is impaired by a time-consuming image
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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.

e

QPD

Condenser BS

Objective
Particle

nr,

Beam No.1 [ :X Beam No.2
Y (Vertical)

Figure 1. Typical as four-quadrant photodetectors (QPD) scheme of particle centroid displacement
detection in optical tweezers (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.
In the following simulation and experiment discussions, the direction of gravity is always along the
positive y-axis.

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 Vj, values for k = 1to 4,
respectively. Supposing V1 = V1 + V3 4 V3 + Vy, the final detection response of each axis will be [13]:

V= BV Vatls
Vi+Vo-V3-V,

vy = Vel s M

Vy,=Vr—<Vr>

where symbol <> means time-domain average. The output voltage differences of two half photosensitive
surfaces in QPD V; — V, — V3 4 V4 and V; + V; — V3 — Vy, will vary with laser intensity fluctuation
even when the levitated particle remains stationary in the position, deviating from the laser optical
axis. Hence, the above differences are divided by V't to suppress distortion coming from laser intensity
fluctuation. Then we use the time-average < V1 > to keep the unit of Vy and Vy being voltage for
more convenient analysis of detection. We subtract V1 with < V1 > to acquire relatively smaller AC
component and subsequent electronic signal amplification of enhancing the detection sensitivity in z
direction. 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 Vijis i-axis detection response resulting from the j-axis motion, i = X, 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:
Vi= Z Vij. (2)

=

The levitated particle in OT is always collided by the surrounding gas molecules, thereby generating
irregular thermal motion. It is a kind of main noise source of displacement detection under relatively
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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. The definition of i-axis coupling-detection ratio resulting from the j-axis

)
ij = ’
(v)
The logarithmic form R;j(dB) = 10log,, R;; is often used there. There are six items for tri-axial
displacement coupling-detection, but only Ryy, Rx; and R,x need to be considered owing 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 sensitivity of i-axis detector is defined as:

motion will then be:

R i ] ®)

¢9Vl-]-

Bij = 9—x] 4)

where x; is the particle displacement of j-axis. The particle is on the optical axis and is 10 um away
from the focus of Beam No.1, along the beam propagation direction when xx = xy = x, = 0.

Assuming the detection response dV;; = f;;dx; + )/ij(dxj)z +O( (dx]-)z) when the particle moves to

a specific position x;. Symbol d represents differential and O( (dxj)Z) means higher-order infinitesimals

of (dx j)z. Then the second-order nonlinearity of the displacement measurement will be:

)/i]'1[< sz >

B )- ©)

Xij =20 IOglo(

The random collision noise of gas molecules determines the standard deviation of j-axis
2
displacement <xj> = JkgT/ k; in the absence of laser cooling [11]. kg is the Boltzmann constant and

T is the temperature of the sphere surface. k; = (27 fp, j)zm is the coefficient of elasticity of radiation
force of j-axis. fo,; is the frequency of resonant peak in displacement power spectrum and m is the
mass. Taking the z-axis experimental data in the following Section 5.2 as an example when T = 300 K,

(X )2 ~ 8.3 nm. V; changes slowly on the scale of laser beam waist level, about several micrometer.
Thus, the nonlinearity of displacement measurement in OT with QPD method is intuitively small.

3. Materials and Methods

3.1. Setup in Simulations and Experiments

We used the same structure explained in Figure 1 with horizontal dual-beams in simulations and
experiments. The silica sphere (Model 904368-2G, Sigma-Aldrich, Inc., St. Louis, MI, USA) diameter
was 10 um. Other parameters were as follows: The objective and condenser were lens of the same
model (A280-C, Thorlabs, Inc., Newton, NJ, USA) and their numeric aperture (NA) were both 0.15;
laser (Model Opus 1064, Laser Quantum, Inc., Stockport, UK) wavelength in vacuum Ag was 1.064 pum;
the ambient medium was air, thus its refractive index nyeq = 1. Consequently, the diameter of incident
beam waist at focus was 2Agnmeq?/ (TNA) ~4.5 um. The focal length of condenser f; and objective f,
were both 18.4 mm. The QPD (Model KY-SQP-7, Keyang Photonics, Inc., Beijing, China) was placed
0.2 m behind the condenser. The intensity of each beam was 800 mW. The objective and condenser
were both mounted on adjustment frames (Model POLARIS-KO05F6, Thorlabs, Inc.) that could move
along the z-axis. First, we checked and ensured that the focal points of the two lensed coincide by
shearing interferometer. Second, the focused of two beams were set to 20 um away by carefully turning
the screws of 130 threads per inch (TPI) on the adjustment frames, about 37 degree. Moreover, finally,



Sensors 2020, 20, 4916 5o0f 14

the spherical particle was deduced to be levitated at the center of the two foci since the structure and
intensity of two beams were identical. Thus, the particle was nearly on the optical axis and was about
10 um away from the focus, along the beam-propagation direction.

3.2. Forward Scattered Far Field Computation

3.2.1. 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 were calculated
by means of Rayleigh scattering [16,17], Mie scattering [18] and the extended boundary condition
method [11]. 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 [19]. 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 waist at focus and spherical particle was both about 1 um [11].
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 [20], 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.

QPD

Y (Vertical) E;(n,m)

Figure 2. Schematic of obtaining the far-field interference image by twice Fresnel diffraction. First,
near-field Eo(r) is changed into sample values E1(n, m) in a Cartesian coordinate system. Second,
field Ep(n, m) on the front surface of condenser is calculated by the single fast Fourier transform
(SFFT) method. It is Then multiplied by the lens phase function and turns into E3(n, m). Finally, the
interference image E4(n, m) on the surface of the QPD is obtained by the double fast Fourier transform
(DFFT) method.

3.2.2. 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 the SFFT. Furthermore,
4 instances of computation are required for the SFFT compared with the DFFT in the second diffraction.
Figure 3 shows the sketch of in the first diffraction process with the SFFT method and the DFFT method
is similar with it. The lateral size of the main energy region (MER) near the particle is L and is Lp
for far-field on the front surface of condenser. L, ~ 2f; tan(asin(NA /#yeq). The number of sampling
points both at the near and far field is Ns. The grid size of diffraction surface is L3 while that of the
observation surface is Ly. Ly = NgALs/ L3 in the SFFT method where L5 is the diffraction distance and
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Ls = fy in the first diffraction process. Ly = L3 in the DFFT method. N is the total number of sampling
points. Therefore, two sets of conditions need to be met. First, the sampling space needs to cover MSR.
Second, the number of sampling points in MSR is not less than Ny,;;,. Those are:

Ly >Lq

Ly>1;

NsLl/L3 > Nmin .
NsLZ/L4 = Nmin

(6)

The values for N; are at least 439 and 100 in the first and second diffraction, respectively, when Npn
is equal to 100. For the single FFT (SFFT) method, the grid size of diffraction surface is inversely
proportional to the observation surface. For the double FFT (DFFT) method, the grid sizes of them are
equal. While the grid number always keeps the same during the diffraction in SFFT and DFFT. Thus,
SFFT is more suitable for diverging or converging diffraction process while DFFT for approximately
parallel beams because of much less computation for the same accuracy.

~
v

Ez(n
E1(n,m) SFFT
1

N
\ NN\
[ \Q

Figure 3. Sketch of the first diffraction process with the SFFT method. The parameters in the first

v
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S
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diffraction process with the DFFT method are marked with the same symbols.

3.2.3. Computation Errors

The SFFT and DFFT methods are both based on scalar diffraction. The intensity distribution of
the image rather than the phase is concerned there. Paraxial approximations should therefore be taken
into account [21], that is:

Ls > Le = 2(L2/2)/2. ?)

L5 is 18.4 mm and Lg equals to 2 mm in the first diffraction process. Ls is 200 mm and L¢ equals to 2
mm in the second diffraction process. The grid size of diffraction surface also needs to be much larger
than wavelength, hence:

L3 > Ap. (8)

L3 is 80 pm and 11.2 mm in the first and second diffraction process, respectively. Moreover, A equals
to 1.064 um

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 intensity is
two orders of magnitude lower than that of the forward one because of the low refractive index and
Mie scattering state.
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4. Simulations

4.1. Simulation of Computing Forward Scattered Far Field

For the OT structure we used, the images in Figure 4a show the simulation results for the far-field
interference image when the particle moves the distance x along the x-axis. The images in Figure 4b
are simulation results for the scenario when particle moves the distance x, along the z-axis. The particle
is on the optical axis and is 10 um away from the focus of Beam No.1 in Figure 1, along the beam
propagation direction when xx = xy = 0 and x, = 0. More specifically, the particle is closer to the
condenser compared with the focus of Beam No.1. Curves in Figure 4c are the normalized laser
intensity distributions of the interference image in horizontal cross-section in Figure 4a, whereas curves
in Figure 4d are those of Figure 4b by the same token.
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Figure 4. Cont.
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Figure 4. (a) Far-field interference images of a 10-pm-diameter sphere in simulation under different
radial displacements. Other parameters about the sphere and beams were explained in the above
experiments and simulation setup; (b) far-field interference images of a 10-um-diameter sphere under
different axial displacements; (c) horizontal cross-section of (a); (d) horizontal cross-section of (b);
(e) far-field interference images of a 10-nm-diameter sphere in simulation when xy = 0 and x, = 0.
The polystyrene sphere is levitated by a NA = 0.9 single laser beam in water. Thus, the beam waist
diameter at focus is about 1.33 pm. A NA of 1.0 condenser is 1.5 mm away from the sphere and
collects the scattered light. The distance between sphere and beam focus is about 0.1 um; (f) horizontal
cross-section of (e). (see Supplementary Materials).

It can be seen from Figure 4a,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 outer
diameter of about 8 mm. Conversely, only the spot is present if particle size is much smaller than beam
waist as Figure 4e shows, 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 4c
that the ring intensity increases on the left and decreases on the right, while spot intensity is almost
fixed. Based on Figure 4d, 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 the images in Figure 4a reflect x, directly, they can also
instruct the alignment, as well as monitor structural changes, of OT.

4.2. 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 4a. 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 coupling-detection
occurs, since laser intensity changes on both sides of the ring cannot cancel each other out, as seen in
Figure 4c. The setting of an iris eliminates the ring and is expected to suppress this coupling.

Assuming that the two beams only have nonzero xy in the x-axis direction in the OT structure we
used, Figure 5a shows the relationship between x, and Ry, when using the conventional QPD method
and the modified QPD method in interference image simulation, with different iris diameters Djys.
Similarly, the relationship between xy and R, is described in Figure 5b. Ryy = Ryx and their value is
always no more than —80 dB even if the x, deteriorates to 1 um, thus no further analysis for them is
provided below.
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Figure 5. (a) X-axis coupling-detection ratio resulting from the z-axis motion Ry, under different x, in

conventional QPD and modified QPD methods; (b) relationship between the z-axis coupling-detection

ratio caused by x-axis motion R

and xy in conventional QPD and modified QPD methods;

(c) x-axis motion detection sensitivity of x-axis detector Sxx under different xy values; (d) relationship

between the sensitivity of z-axis detector ff,, and xx. (e) x-axis detection nonlinearity ny under

different x displacement xx. (f) z-axis detection nonlinearity 1., under different z displacement x,.

(see Supplementary Materials).

The coupling-detection ratios Ry, and R« grow rapidly as xy increases. When x, reaches to 0.3
pum in conventional QPD, these will increase to —16.7 dB and 13.5 dB, respectively. When iris diameters
in modified QPD are set to 3 mm and 5 mm, respectively, the values for coupling suppression are
optimal radially and axially, reducing to —25.7 dB and —23.2 dB, respectively, when xy equals to 0.3 um.
That consists a diminution of coupling detection level up to 9.0 dB radially and 36.7 dB axially. As xy
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 5c takes on the relationship between xy and Sy« , while Figure 5d demonstrates that 5,,. fxx
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decreases by about 6.6 dB, when using 3-mm iris as an optimal diameter. Furthermore, 3., increases
by an order of magnitude only in modified QPD. Figure 5e shows that the x-axis detection nonlinearity
Nxx Will not exceed —46.5 dB when xx < 1 um under all kinds of diameters of the iris before QPD and it
rapidly decays with xx. As for the z-axis detection, the nonlinearity is relatively worse and basically
stays between —10 dB to —60 dB within 4 um of z-axis motion in Figure 5f.

5. Experiments

5.1. Experiment of Recording Forward Scattered Far Field

The experiments were performed as follows: First, a piezoelectric ceramics excited by high voltage
signal was used to vibrate a glass substrate. The sphere originally stuck on the glass substrate fall into
the laser focus and was trapped by the laser. Second, we recorded the triaxial QPD signals under two
conditions. The first condition is that there are no irises before the triaxial QPD photosensitive surface,
and the second one is that the diameters of the irises were adjusted carefully to optimize coupling
suppression effect as good as possible. Lastly, the electronic signals of QPD output were collected by a
signal acquisition card (Model PCI-4472, National Instruments, Inc., Austin, TX, USA) and transmitted
into PC. The PC computed the displacement power spectrum with the time domain data in real time
for the convenience of adjusting irises. The laser beam profiler (Model WinCamD-LCM4, DataRay, Inc.,
Redding, CA, USA) and the adjustable irises (Model SM1D12CZ, Thorlabs, Inc.) both came from USA.

The far-field interference image was recorded by a beam profiler as in Figure 6a, with its vertical
cross-section shown in Figure 6b. In the latter figure, the cross-section (blue solid line) is compared with
the simulation curve (red dotted line), when xx = 0.-When considering the relative central position
of the spot and the ring in Figure 6a, xx is no more than 0.3 pm. In the experiment, xx was mainly
concentrated in the horizontal direction and the spot was slightly down in the vertical direction. First,
a pinhole of 5-um-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 50 pm. It is
difficult to guarantee a coaxiality of less than 1/25 radian and ensure at most 1 pm x 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 4a
to instruct alignment, and then Figure 6a was acquired.

(@) (®) 14 ‘
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1ol = Simulationx =0|_ _ _ _ _ :7 77777
| | |
| ( |
=== TNl e
| |
- | | |
_ 08— ——— R/ S | [T
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| | |
0.2 - I AR | b .
A S | - =
| |
0 1 1 1
-4 2 0 2 4
(mm) (mm)

Figure 6. (a) Interference image before QPD in the experiment; (b) vertical cross-section of (a) with the
simulation curve.

5.2. 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. The simulations in Figure 5a,b indicate that the
iris should eliminate the ring in the radial detection entirely and keep half of that axially.
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In theory, coupling-detection ratio between axes R;j, i # j can be measured by exerting a known
force on the levitated particle in OT. However, this is 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.

In contrast, the displacement power spectrum (PSD) of the particle is a more convenient tool for
checking the coupling ratio, as it is 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 [22]:

Suvj(w) =2 < x]2 > frlw), 9)

where f1 (w) is the normalized Lorentz function: Q?I’O / [(Q]2 - a)z)2 + w?T’3|, 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:
Swvi(@) = Z ﬁijsxx,j(w)- (10)
J=Xyz
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, (), is much less than (). Thus,
B2 Sxxx(Qx) > B2,Sxr,2(Qx). When coupling is serious enough that f2,Sxy ,(Q,) > B2, Sxxx(Qy), Rxz
will be:
S'U'U,X (QZ) ~ ﬁ)Z(ZSxx,Z (QZ)
SUU,X (QX) ﬁ%xsxx,x (Qx)

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

= Ryy. (11)

Ro o BoSun(@) B
T BSkex(Q) B QR
where Q i= @) ]-/ o> 3and j = 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 (12).
As a result, the reduction of gas pressure can lower the upper limit of PSD method for checking

(12)

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. However, the reduction
of gas pressure cannot 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.

Coupling in detection may degrade the feedback cooling performance since the motions between
axes are all random and uncorrelated to each other. Many application in ultra-weak mechanics sensing
and quantum physics studies with OT also require cooling the particle motion in vacuum [11,12].
The possible relation between detection decoupling and cooling has not been analyzed explicitly and
verified in experiment. However, the heating phenomenon possibly caused by feedback force coupling
has been reported [12]. Both feedback coupling and coupling-detection lead to exert unwanted
feedback force related with the motion of other axes on a specific axis. Therefore, we speculated that
coupling-detection affects feedback-driven cooling to a certain extent.

Figure 7a shows Sy x (w) in logarithmic form with conventional QPD or the modified QPD method
with an optimal iris diameter. That is, Syyx(w) (dB) = 101og;,[Svo,x(w)]. Moreover, Figure 7c,e shows
that of Syp,y (w) (dB) and Syp,z(w) (dB). The coupling ratio R;j, i # jis then exactly the height difference
between peaks at frequency (), and ()« or ()y along the same curve in Figure 7a,c,e. Figure 7b,d,f
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shows all three axes displacements measured by QPD. The resonant peaks of three axes are quiet close
to each other, relative to the measurement bandwidth. Therefore, it is not easy to observe the effect of
decoupling in the time domain plot.

(a) .

(dBV/Hz)

SW, X

(©)

, (dBV/Hz)

SW

(e) -

(dBV/Hz)

SW, z

-50

-60

-70

-80

-90

-100

-110

-40

10

Frequency (Hz)

(b)

displacement (nm)

(d)

displacement (nm)

displacement (nm)

x-axis Conventional QPD
— x-axis Modified QPD
T T T

2 4 6
time (ms)

y-axis Conventional QPD
= y-axis Modified QPD
T T T

2 4 6
time (ms)

z-axis Conventional QPD
= z-axis Modified QPD

2 4 6
time (ms)

Figure 7. (a) Output voltage displacement power spectrum (PSD) of x-axis motion detector Syy x(w)

(dB) in conventional QPD and modified QPD method in experiment. Green dash lines added for

comparing PSD curves at resonant peaks; (b) x-axis displacement of the sphere measured by the

x-axis detector in conventional QPD and modified QPD method in experiment; (c) Syv,y (w) (dB) in

conventional QPD and modified QPD method; (d) y-axis displacement in conventional QPD and
modified QPD method; (e) Syv,z(w) (dB) in conventional QPD and modified QPD method; (f) z-axis
displacement in conventional QPD and modified QPD method.

When using modified QPD instead of conventional QPD, Ry, was meliorated from 36.0 dB to
—13.1 dB. This method improved Ry, from 9.5 dB to —10.1 dB and also reduced R;x from 5.5 dB to
—28.4 dB. That is, a reduction of coupling-detection ratio occurs up to 49.1 dB radially and 22.9 dB
axially. Signal strength increases by 14.3 dB at the x-axis and 3.4 dB at the y-axis around the resonance
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peak and decreases by 11.0 dB radially in the range of 500 Hz to 10 kHz. According to Figure 7a,c,e,
there is no loss of bandwidth.

In generally, for particles whose sizes are relatively smaller, ranging from tens of nanometer to
hundreds of nanometer, the resonance peaks in displacement power spectrum of all three axes are
located at tens of kilohertz or even hundreds of kilohertz. Such high resonance frequencies make the
main motion components of three axis of small-sized particle are separated in the frequency domain.
In that case, coupling can be reduced to a low level by narrowband filter. For example, three different
lock-in amplifiers were used to extract triaxial motions of particles of diameter ranging from 26 to
160 nm in reference [23]. However, as Figure 7 shows, the main motion components are basically
coincident in the frequency domain for large-sized particle, making the narrowband filter ineffective.

6. 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 Figure 6a, that is much higher than that
in the simulation, as in Figure 4a. 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 Figure 5a confirms this, showing that modified QPD can suppress it and spatial filters may help
to improve beam quality.

The voltages PSD of the red line in Figure 6a 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, (j = x,¥,z) and x,. Nonlinearity is less than —25.1 dB for the second harmonic and —32.5 dB for the
third one, which is consistent with the simulation results in Figure 5f. Furthermore, it can be reduced
by of other means of detection or by controlling the z-axis motion of the particle.

7. 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 photodetector on each axis. Experiments show a reduction of 49.1 dB in coupling-detection
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
may be helpful to actively cooling the particle even 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.
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Author Contributions: Conceptualization, X.Z. and N.L.; methodology, X.Z. and X.C.; software, X.Z. and J.Y.;
validation, all authors; formal analysis, all authors; investigation, all authors; resources, H.H., X.C. and N.L.; data
curation, all authors; writing—original draft preparation, X.Z.; writing—review and editing, N.L.; visualization,
all authors; supervision, H.H. and N.L.; project administration, H.-H. and X.C. and N.L.; funding acquisition, H.H.,
X.C. and N.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural National Science Foundation of China (No. 11304282, 61601405),
Joint Fund of Ministry of Education (No.6141A02011604), Major Scientific Research Project of Zhejiang Lab
(No0.2019MB0ADO1) and National Program for Special Support of Top-Notch Young Professionals, Fundamental
Research Funds for the Central Universities (2016XZZX004-01, 2018XZZX001-08).

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/1424-8220/20/17/4916/s1

Sensors 2020, 20, 4916 14 of 14

References

1. Choudhary, D.; Mossa, A.; Jadhav, M.; Cecconi, C. Bio-Molecular Applications of Recent Developments in
Optical Tweezers. Biomolecules 2019, 9, 23. [CrossRef] [PubMed]

2. Rider, A.D.; Moore, D.C.; Blakemore, C.P,; Louis, M.; Lu, M.; Gratta, G. Search for Screened Interactions
Associated with Dark Energy below the 100 pum Length Scale. Phys. Rev. Lett. 2016, 117, 101101. [CrossRef]
[PubMed]

3. Millen, J.; Deesuwan, T.; Barker, P.; Anders, ]. Nanoscale temperature measurements using non-equilibrium
Brownian dynamics of a levitated nanosphere. Nat. Nanotechnol. 2014, 9, 425. [CrossRef] [PubMed]

4. Ashkin, A,; Dziedzic, ].M.; Bjorkholm, J.E.; Chu, S. Observation of a single-beam gradient force optical trap
for dielectric particles. Opt. Lett. 1986, 11, 288-290. [CrossRef] [PubMed]

5. Neuman, K.C; Block, S.M. Optical trapping. Rev. Sci. Instrum. 2004, 75, 2787. [CrossRef] [PubMed]

6. Erik, H.; Martin, F;; Rene, R.; Lukas, N. Measuring gravity with optically levitated nanoparticles. Adv. Photonics
2018, 12, 806-810. [CrossRef]

7. Geraci, A.A.; Smullin, S.].; Weld, D.M.; Chiaverini, J.; Kapitulnik, A. Improved constraints on non-Newtonian
forces at 10 microns. Phys. Rev. D 2008, 78, 022002. [CrossRef]

8. Ranjit, G.; Atherton, D.P;; Stutz, ].H.; Cunningham, M.; Geraci, A.A. Attonewton force detection using
microspheres in a dual-beam optical trap in high vacuum. Phys. Rev. A 2015, 91, 051805. [CrossRef]

9.  Monteiro, F; Ghosh, S.; Fine, A.G.; Moore, D.C. Optical levitation of 10-ng spheres with nano- g acceleration
sensitivity. Phys. Rev. A 2017, 96, 63841. [CrossRef]

10. Li, W,; Li, N,; Shen, Y,; Fu, Z.; Su, H.; Hu, H. Dynamic analysis and rotation experiment of an optical-trapped
microsphere in air. Appl. Opt. 2018, 57, 823-828. [CrossRef]

11. Taylor, M.A.; Bowen, W.P. A computational tool to characterize particle tracking measurements in optical
tweezers. J. Opt. 2013, 15, 85701. [CrossRef]

12.  Li, T,; Kheifets, S.; Raizen, M.G. Millikelvin cooling of an optically trapped microsphere in vacuum. Nat. Phys.
2011, 7, 527-530. [CrossRef]

13. Ranjit, G.; Cunningham, M.; Casey, K.; Geraci, A.A. Zeptonewton force sensing with nanospheres in an
optical lattice. Phys. Rev. A 2016, 93, 053801. [CrossRef]

14. Gibson, G; Leach, J.; Keen, S.; Wright, A.; Padgett, M.]. Measuring the accuracy of particle position and
force in optical tweezers using high-speed video microscopy. Opt. Express 2008, 16, 14561-14570. [CrossRef]
[PubMed]

15. Khorshad, A.A.; Reihani, S.N.S.; Tavassoly, M.T. Moiré deflectometry-based position detection for optical
tweezers. Opt. Lett. 2017, 42, 3506. [CrossRef]

16. Gittes, F.; Schmidt, C.F. Interference model for back-focal-plane displacement detection in optical tweezers.
Opt. Lett. 1998, 23, 7-9. [CrossRef]

17.  Pralle, A.; Prummer, M.; Florin, E.-L.; Stelzer, E.H.; Horber, ] K. Three-dimensional high-resolution particle
tracking for optical tweezers by forward scattered light. Microsc. Res. Tech. 1999, 44, 378-386. [CrossRef]

18. Rohrbach, A.; Stelzer, E.H. Three-dimensional position detection of optically trapped dielectric particles.
J. Appl. Phys. 2002, 91, 5474-5488. [CrossRef]

19. Nieminen, T.A.; Dunlop, H.R.; Heckenberg, N.R. Multipole expansion of strongly focused laser beams.
J. Quant. Spectrosc. Radiat. Transf. 2003, 79, 1005-1017. [CrossRef]

20. Li, ].C.; Picart, P. Digital Holography; John Wiley & Sons: Hoboken, NJ, USA, 2012. [CrossRef]

21. Healy, ].J.; Sheridan, J.T. Numerical approximation of scalar diffraction through first order optical systems.
Photonics Eur. 2010, 7717,77171. [CrossRef]

22. Berg-Serensen, K,; Flyvbjerg, H. Power spectrum analysis for optical tweezers. Rev. Sci. Instrum. 2004, 75,
594-612. [CrossRef]

23.  Vovrosh, J.; Rashid, M.; Hempston, D.; Bateman, J.; Paternostro, M.; Ulbricht, H. Parametric feedback cooling

of levitated optomechanics in a parabolic mirror trap. J. Opt. Soc. Am. B 2017, 34, 1421-1428. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/biom9010023
http://www.ncbi.nlm.nih.gov/pubmed/30641944
http://dx.doi.org/10.1103/PhysRevLett.117.101101
http://www.ncbi.nlm.nih.gov/pubmed/27636465
http://dx.doi.org/10.1038/nnano.2014.82
http://www.ncbi.nlm.nih.gov/pubmed/24793558
http://dx.doi.org/10.1364/OL.11.000288
http://www.ncbi.nlm.nih.gov/pubmed/19730608
http://dx.doi.org/10.1063/1.1785844
http://www.ncbi.nlm.nih.gov/pubmed/16878180
http://dx.doi.org/10.1364/NOMA.2018.NoTu4J.2
http://dx.doi.org/10.1103/PhysRevD.78.022002
http://dx.doi.org/10.1103/PhysRevA.91.051805
http://dx.doi.org/10.1103/PhysRevA.96.063841
http://dx.doi.org/10.1364/AO.57.000823
http://dx.doi.org/10.1088/2040-8978/15/8/085701
http://dx.doi.org/10.1038/nphys1952
http://dx.doi.org/10.1103/PhysRevA.93.053801
http://dx.doi.org/10.1364/OE.16.014561
http://www.ncbi.nlm.nih.gov/pubmed/18794991
http://dx.doi.org/10.1364/OL.42.003506
http://dx.doi.org/10.1364/OL.23.000007
http://dx.doi.org/10.1002/(SICI)1097-0029(19990301)44:5&lt;378::AID-JEMT10&gt;3.0.CO;2-Z
http://dx.doi.org/10.1063/1.1459748
http://dx.doi.org/10.1016/S0022-4073(02)00335-7
http://dx.doi.org/10.1002/9781118562567
http://dx.doi.org/10.1117/12.85405
http://dx.doi.org/10.1063/1.1645654
http://dx.doi.org/10.1364/JOSAB.34.001421
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory 
	Materials and Methods 
	Setup in Simulations and Experiments 
	Forward Scattered Far Field Computation 
	Computation Principle 
	Computation Complexity 
	Computation Errors 


	Simulations 
	Simulation of Computing Forward Scattered Far Field 
	Simulation of Decoupling with the Modified QPD Method 

	Experiments 
	Experiment of Recording Forward Scattered Far Field 
	Experiment of Decoupling with the Modified QPD Method 

	Discussion 
	Conclusions 
	References

