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中文摘要 

 

近年来，真空中光悬浮微纳米粒子引起了广泛关注，成为了精密测量和基础物

理研究不可或缺的平台。光学悬浮颗粒处于自由空间，可以实现与热环境以及基片

引起的退相干。并且由于高 Q 因子，而使其对周围环境的变化非常敏感，成为超精

密测量高频引力波、短程力的理想候选者。最近已经实现了被捕获纳米粒子的质心

运动的量子基态冷却，这可用于检验宏观量子叠加和退相干理论。此外，光场角动

量的转移导致各向异性粒子以非常高的速度旋转，可用于超灵敏扭矩测量。 

首先，本论文简要讨论了微纳米粒子捕获的历史，详细分析了光悬浮粒子捕获

的实验原理，主要阐述三种不同的方法来计算与粒子直径(d)和激光波长(λ)相关的纳

米/微球上的光场作用力。如果 d ≫λ, 则可以使用几何光学方法；如果(d≪λ), 那么瑞

利散射会更合适；最后，讨论 d≈λ 时, 需要应用 Mie 散射方法。由高数值孔径强聚

焦的激光束在焦点区域产生稳定的三维势阱，使粒子囚禁在势阱中，而对于光俘获

粒子的运动，可利用朗之万方程和涨落耗散定理，研究了粒子的运动，以及阻尼率

与压力的关系，并进一步讨论了的质心运动冷却的实现方法。 

其次，描述了光学悬浮纳米粒子系统的基本结构与实验方法。实验上，我们利

用 1064nm 激光进行捕获，同时探测捕获光束与散射光，来检测纳米粒子的质心运

动、扭转和旋转信号。为此，设计了一个套的真空系统，包括：真空室、真空阀、

真空管、电极、真空计和真空泵。考虑到高真空环境下捕获的稳定性，我们选择球

形二氧化硅纳米颗粒作为研究对象。针对光悬浮系统中粒子质心运动信号微弱的特

点，采用平衡探测方法对粒子在轴向和径向的运动信号进行检测。以 x 方向为例对

数据记录和分析进行了概述。 

然后，实验研究了在不施加反馈冷却的情况下，采用竖直光路设计和利用高数

值孔径物镜对单个纳米粒子的捕获。当捕获激光为线偏振时，我们测量了粒子质心

运动，并测量粒子的扭转运动。通过将捕获光的线偏振改变为圆偏振，我们用利高

速光纤探测器检测到纳米粒子的高速旋转频率（4.9 GHz），高速机械转子可用于极

端情况下材料特性检测与真空摩擦的相关研究。 

最后，我们利用散射成像研究了在单个势阱中光学悬浮的两个二氧化硅纳米粒

子散射光的干涉，真空悬浮提供了一个无粒子-基片相互作用的环境。实验中，我们

使用两束指向有微小差别的 1064 nm 激光束捕获两个纳米粒子。其中一束 1064 nm 

激光由马达驱动的反射镜精确控制，使两势阱重叠，然后将两个粒子囚禁在单个势
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阱中。另一束线偏振 532 nm 激光垂直于捕获激光束的方向照射两个纳米粒子，两

个纳米粒子的散射光由同一物镜收集，在 CCD 上成像。通过旋转捕获光束偏振和

照明光束偏振，在像空间和傅立叶空间（k 空间）中测量散射光的干涉。该系统可

用于悬浮粒子动力学特性、散射各向异性、近场光学以及成像领域的相关研究。 

 

关键词： 辐射压力； 光镊； 悬浮; 质心运动； 扭转和旋转运动；  

 散射光干涉.  
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Abstract 

In recent years, optically levitated micro-nanoparticles in vacuum have attracted 

widespread attention, and have become an indispensable platform for precise measurement 

and fundamental physics research. Optical levitation eliminates the need to fetter the 

particle, and excellent decoupling can be achieved from the thermal environment and 

decoherence caused by a substrate. Because of its high Q factor in vacuum, it is very 

sensitive to changes in the surrounding environment, making it an ideal candidate for 

ultra-precise measurement of high-frequency gravitational waves and short-range forces. 

More recently, it has been realized to cool the center-of-mass motion of optically trapped 

nanoparticles to reach the quantum ground state, which can be used to test the theory of 

macroscopic quantum superposition and decoherence. Furthermore, the transfer of the 

angular momentum of the light field causes anisotropic particles to rotate at very high 

speeds, and can be used to measure ultra-sensitive torques. 

In the first chapter of this dissertation, we briefly discuss the history of trapped 

micro-nanoparticle, analyzes the experimental principle of optically levitated particles in 

detail, and mainly uses three different methods to calculate the light field force on the 

nano/microspheres related to particle diameter (d) and laser wavelength (λ). If (d≫λ), then 

ray optics can be utilized; if (d≪λ), then Rayleigh scattering will be more appropriate; and 

finally, if (d≈λ), we may need to use the Mie scattering approach. A laser beam intensely 

focused by a high numerical aperture objective lens generates a stable three-dimensional 

potential well at the focal region, and traps the particles within it. The Langevin’s equation 

and the fluctuation dissipation theorem can be used to study the motion of the particles as 

well as the relationship between the damping rate and the pressure, which also explains the 

realization method of center-of-mass motion cooling. 

Secondly, the basic optical setup and experimental components of the optically 

levitated nanoparticle system are described in details. In the experiment, we use a 1064 nm 

laser for trapping, and simultaneously collect the scattered and trapping beam's output 

light to detect the nanoparticle's center-of-mass motion signal, torsional signal, and 

rotation signal. For this purpose, we designed a complete vacuum system that includes a 

vacuum chamber, vacuum valves, vacuum pipes, vacuum electrodes, vacuum gauges, and 
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vacuum pumps. We chose spherical silica nano-particles as a research object for our 

experiments by considering the stability of trapping under high vacuum. Keeping in view, 

the weak signal of particle’s center-of-mass motion in the optically levitated system, a 

balanced homodyne detection method is used to detect the motion signal of particles in the 

axial and radial directions. An overview of data recording and analysis is given with an 

example of x-direction analysis. 

Furthermore, the experiment investigates the use of vertical optical path design and 

utilizes a high numerical aperture objective lens to trap an individual nanoparticle without 

applying feedback cooling. When the trapping laser beam is linearly polarized, we 

measure the center-of-mass motion and torsional motion of the nanoparticle. By changing 

the linear polarization of the trapping beam to circular polarization, we detect a very high-

speed rotation frequency (4.9 GHz) of the nanoparticle with a high-speed fiber detector. 

The high-speed mechanical rotor can be used for material characteristic detection and 

vacuum friction under extreme conditions.  

Finally, we use scattered light imaging to study the interference of light scattered by 

two silica nanoparticles optically levitated in a single potential well, as levitation in 

vacuum provides an environment free of particle-substrate interactions. We use two beams 

of 1064 nm laser with slight differences in pointing to trap two nanoparticles. One of the 

1064 nm laser beams is precisely controlled by a motor-driving mirror to overlap the two 

potential wells and trap two nanoparticles in a single potential well. Another linearly 

polarized 532 nm laser beam illuminates the two nanoparticles perpendicular to the 

direction of the trapping laser beam, and scattered light of the two nanoparticles is 

collected by the same objective lens and imaged on a CCD. The interference of scattered 

light is measured in image and Fourier space (k-space) by rotating the trapping beam 

polarization and illuminating beam polarization. This system can be used to study the 

dynamical properties, scattering anisotropy, near-field optics, optical trapping, and 

imaging. 

 

Key words: Radiation pressure; Optical tweezers; Levitation; Centre-of-mass 

motion; Torsional and rotation motion; Scattered light 

interference 
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Chapter 1: Introduction 

1.1 History of Nano- and Micro-sphere trapping 

During 1619, Johannes Kepler proposed that a comet’s tail all the time pointing away 

from the Sun could be explained with the help of radiated light from the Sun[1]. About 250 

years later, in 1873, James C. Maxwell figured out the mathematical framework for 

magnetism and electricity. He concluded from his theoretical derivations that 

electromagnetic radiation has momentum[2]. In 1900, this idea was shown by Pyotr 

Lebedev experimentally[3] and in 1901, by Ernest F. Nichols and G. F. Hull[4]. At that 

time, this was quite exciting, but very little progress was made until the invention of lasers 

by Charles Townes in 1960[5]. 

Lasers have numerous uses and play an important role in physics, chemistry, and 

biology. One of the most important uses of lasers is trapping particles through optical 

tweezers. Optical tweezers are generally an optical technology that uses the radiation 

pressure (force per unit area on an object due to change in light momentum) of the light 

field at the focal point of an intensely focused laser to capture and manipulate tiny-scale 

spherical particles or asymmetric particles. Undoubtedly, we can say Arthur Askhin is the 

father of bead trapping. On 26th January 1970, Ashkin trapped and accelerated a micron-

sized particle in a stable potential well utilizing the radiation pressure from a CW visible 

laser (514.5 nm) while working in Bell Telephone Laboratories, Holmdel, New Jersey. He 

performed experiments in liquids and air. In his work, Ashkin differentiated two 

components of radiation pressure. The first referred to the force due to the scattering of 

light directed along the laser propagation axis. At the same time, the second one referred 

to gradient force that is in the direction of the intensity gradient of the laser field. Arthur 

Ashkin won the 2018 Noble Prize in Physics for optical tweezers technology[6]. On 15th 

October 1971, A. Ashkin and J. M. Dziedzic published another paper in which they stably 

trapped a transparent glass micro-sphere (20 µm) by radiation pressure in air and vacuum 

at pressure down to ∼ 1 Torr[7]. In 1975, A. Ashkin and J. M. Dziedzic trapped oil droplets 

down to ∼ 10-6 Torr, a high vacuum regime. This work discussed radiometric forces 
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arising from temperature gradients around the sphere that destabilize the trapped sphere [8]. 

In 1976, A. Ashkin and J. M. Dziedzic published another paper that addresses a feedback 

cooling technique for stabilizing glass microsphere in vacuum and air, and preventing the 

particles loss from the optical trap in low pressure around 1 Torr due to radiometric 

forces[9]. 

During 1987, Ashkin used optical tweezers to capture a single tobacco mosaic virus 

successfully, and dense oriented arrays of viruses were also trapped in a liquid solution 

without affecting their activity with a 120 mW power of argon laser. He also demonstrated 

the trapping of single live, motile bacteria E-coli without harming their activities at a few 

milliwatts of power[10]. This was a significant breakthrough in the developmental history 

of optical tweezers. Even though the exact theory for optical tweezers is still to be 

developed and mostly the theories are approximations based, the basic principles for 

trapping particles with a much larger or smaller diameter (size) than the wavelength of 

laser light are very straightforward. The electric field of the incident light develops an 

electric dipole moment in small objects, which brings up an intensity gradient in the 

electric field toward the central focus point. On the other hand, larger transparent objects 

act like lenses, the light gets refracted, and the photon’s momentum redirects. The recoil of 

photons pushes the particles toward the higher flux of photons near the point of focus [11, 

12].  

1.2 Radiation pressure on a mirror 

Arthur Ashkin proposed the first-ever calculation of radiation pressure in his seminal 

paper on radiation pressure[6]. It can be defined as the force per unit area on an object due 

to a change in light momentum. 

However, radiation forces are weak, and only high-power focused laser beams can 

levitate tiny objects- up to 30 µm in size[13]. 
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Figure 1.1. Illustration of the change in momentum from a 0˚ reflecting mirror, incident, and reflected 

momentum. 

Figure 1.1 shows the reflection of a single photon from the mirror and its momentum 

change. The magnitude of the photon’s momentum before and after reflection can be 

written as 𝑝 =
ℎ𝜈

𝑐
; where p represents momentum, ν is the photon’s frequency, h is Plank’s 

constant, and c is the speed of light. After the total reflection change in momentum is: 

Now, let's suppose we use a laser source of power P on the exact mirror instead of a 

single photon. Photon striking the mirror per second is 
𝑃

ℎ𝜈
  and will have radiation force 

Fradiation on the mirror, which is given by: 

𝐹𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =
Δ𝑝

Δ𝑡
= 2

ℎ𝜈

𝑐

𝑃

ℎ𝜈
=

2𝑃

𝑐
 

(1.2) 

For P =2W, 

𝐹𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =
2x2𝑊

3x108 𝑚
𝑠⁄

= 1.33𝑛𝑁 
 (1.3) 

This force is significantly small and can only levitate and accelerate particles with smaller 

masses.  

1.3 Theories for calculating the radiation force 

Mainly three different theories are used to calculate the force on a Nano/microsphere 

related to the bead diameter (d) and laser wavelength (λ). If the diameter of the bead is 

much larger than the wavelength of the laser (d ≫ 𝜆), then ray optics can be utilized. If the 

bead diameter is much smaller than laser wavelength (𝑑 ≪ 𝜆), then Rayleigh scattering 

will be more appropriate. Finally, if the bead diameter and wavelength are comparable 

(𝑑 ≈ 𝜆), we may need to use the Mie scattering approach. 

|�⃗�𝑖𝑛 − �⃗�𝑜𝑢𝑡| = 2𝑝 = 2
ℎ𝜈

𝑐
 (1.1) 
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1.3.1 Ray optics approximation 

In 1687, sir Isaac Newton proposed the 3rd law of motion, which states that “for 

every action, there is an equal and opposite reaction”. Let suppose we trap a transparent 

particle in the optical beam’s focal point and if the particle deviates from its focus point to 

aside, a large number of photons will be refracted to that side. As a result, the recoil of the 

photon will push the particle back to its focus point (Figure 1.2). 

 

Figure 1.2. Change in photon momentum causes a force in the opposite direction. 

When the size (d) of the trapped particle is much larger than the wavelength (λ) of the 

tapping beam, then the most appropriate theory to explain the trapped micro or 

nanoparticle is ray optics[11, 14]. In Figure 1.3. (A), we have considered a particle trapped at 

the beam's focus with a larger diameter than the wavelength of the trapping beam, and the 

surface reflection from the sphere is neglected. The beam's incident and refracted photons 

have almost the same angle resulting in zero change in the momentum. Thus, the net force 

on the particle is equal or zero, and the particle is trapped stably. In Figure 1.3. (B), the 

sphere slightly moved in the z-direction, or we can say, in the direction of the trapping 

beam. The beam will be more intensely focused and increase the photon's momentum in 

the z-direction. The recoil force from the photons will push the particle back to the high-

intensity region and vice versa. Figure 1.3. (C) shows that the particle has moved in the 

radial direction, and the number of deflected photons have increased in the same direction. 

Thus, the counterforce will push the particle back to the opposite side. 

The Refractive index of the particle and medium plays a key role in trapping because 

the surface reflection of the particle depends upon the relative refractive index m=np /nmd, 

where np and nmd are the refractive indexes of particle and medium, respectively. If m is 

larger, it will be challenging to trap the particle in an optical tweezer[15]. The Refractive 

index of silica is about 1.46, for air is 1, and while for water is 1.33. m is approximately 
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1.10 for silica in water, and in the air, it is 1.46, which shows that tapping the silica 

particles in the air is much more complicated than water. 

 

Figure 1.3. Qualitative representation of ray optics. (A) the particle is stably trapped at the focus, (B) 

downward or upward force. When the particle is away from the focus in z or in the direction of the 

trapping beam, (C) the force on the particle if the particle is off focus in xy directions. 

1.3.2 Rayleigh scattering approximation 

If the size of the particle is significantly smaller than the wavelength of the trapping 

laser beam (𝑑 ≪ 𝜆), then we can consider the nanoparticle as a dipole. Rayleigh scattering 

theory provides an analytical method to calculate the optical force on nanoparticles [14, 16]. 

The theory presented here has been obtained from Harada and Asakura (1996) [16] to 

calculate the radiation force in the Rayleigh regime acting on a dielectric nanoparticle. The 

basic diagram is given in Figure 1.4. The Gaussian beam is linearly polarized and has 

𝑇𝐸𝑀00mode. The focused laser beam has a minimum waist of ωo in the (x,y,z) = (0,0,0) 

coordinates. The laser propagates along the z-axis while the polarization of the laser’s 

electric field is along the x-axis. The dielectric nanoparticle of radius “R” is located at a 

distance “r” from the centre of the laser beam. 
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Laser beam

x

z

y

R

r

(0
,0

,0
)

 

Figure 1.4. Schematic diagram of nanoparticle in the Gaussian beam (𝑇𝐸𝑀00mode) near the 

focus. 

The refractive of the particle is np. The waist of the beam along z is given by:  

𝜔(𝑧) = 𝜔𝑜 [1 + (
𝜆𝑧

𝜋𝜔0
2)]

1/2

 
 

(1.4) 

where λ is the laser wavelength, 𝜔0 is the least waist of the beam at z = 0. The 

intensity of the Gaussian laser beam is given by: 

𝐼(𝑥, 𝑦, 𝑧) = 𝐼𝑜(𝑧)𝑒
−2(𝑥2+𝑦2)

𝜔(𝑧) =
2𝑃

𝜋𝜔2(𝑧)
𝑒

−2(𝑥2+𝑦2)
𝜔(𝑧)  

 (1.5) 

In the above equation, P is the power of the laser, and Io(z) is the intensity of the laser 

beam at the centre. The radiation forces are of two types; one force is along the beam's 

propagation direction called scattering force (Fscat), and the other is directed towards the 

intensity gradient of the beam called gradient force (Fgrad). The scattering force pushes 

away the particle from the focus point while the gradient force brings back the particle into 

the focus point of the beam intensity. Generally, the gradient force should overcome the 

scattering force to trap a particle stably. 

Fscat is given below: 

�⃗�𝑠𝑐𝑎𝑡 = (
𝑛𝑚𝑑

𝑐
) 𝐶𝑠𝑐𝑎𝑡𝐼(𝑥, 𝑦, 𝑧)�̂� =

128𝜋5𝑅6

3𝑐𝜆4
(

𝑚2 − 1

𝑚2 + 2
) 𝑛𝑚𝑑

5 𝐼(𝑥, 𝑦, 𝑧)�̂� 
(1.6) 

and Fgrad is given by 

�⃗�𝑔𝑟𝑎𝑑 = −
2𝜋𝑛𝑚𝑑𝑅3

𝑐
(

𝑚2 − 1

𝑚2 + 2
) ∇ 𝐼(𝑥, 𝑦, 𝑧); 

(1.7) 
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Where nmd is the refractive index of the medium in which the particle is levitated, Cscat 

quantifies sphere scattering cross-section, m is the ratio of particle and medium refractive 

indexes.  

The net force on the particle will be �⃗�𝑛𝑒𝑡 = �⃗�𝑠𝑐𝑎𝑡 + �⃗�𝑔𝑟𝑎𝑑. The minimum scattering 

force along z must be negative for a stable trap. If the force is positive, the particle will be 

pushed forward, and it will not be possible to trap the particle stably. The size of the 

particle also plays an important role. Smaller particles are easy to trap because the 

scattering force is proportional to R6, and gradient force is proportional to R3. The 

scattering force decreases significantly compared to the gradient force if the size of the 

particle decreases. 

1.3.3 Lorentz-Mie scattering theory 

When the size of the particle is approximately equal to the wavelength of the laser 

beam (d ≈ λ) in an optical tweezer, it cannot be explained with ray optics or the Rayleigh 

approximation. The most appropriate theory will be electromagnetic theory. If the particles 

are isotropic and homogeneous, then generalized Lorentz-Mie theory can explain it very 

well. The overall mathematical computation is very complex and excluded from this work. 

Here we will present an insight into the method developed by T. A. Nieminen et al. [17]. 

For the spherical particles, numerous codes have been written on Mie scattering of 

electromagnetic waves[18-21].  

Changes in the photon’s momentum exert an optical force on the particle. Optical 

force on the particle can be calculated by considering the change in momentum of the 

photons scattered by the particle. The coordinate system to explain the light scattered by 

trapped particles should be a spherical coordinate system (r,θ,ϕ). Both the fields 

(incoming and outgoing) can be expanded into vector spherical wave functions (In and 

Out)[17]: 

𝐄𝑖𝑛 = ∑ ∑ 𝑎𝑖𝑗𝐌𝑖𝑗
(2)(𝑘𝐫) + 𝑏𝑖𝑗𝐍𝑖𝑗

(2)(𝑘𝐫),

𝑖

𝑗=−1

∞

𝑖=1

 
(1.8) 

 𝐄𝑜𝑢𝑡 = ∑ ∑ 𝑝𝑖𝑗𝐌𝑖𝑗
(1)(𝑘𝐫) + 𝑞𝑖𝑗𝐍𝑖𝑗

(1)(𝑘𝐫),

𝑖

𝑗=−1

∞

𝑖=1

 
(1.9) 
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where 𝐌𝑖𝑗
(2)(𝑘𝐫), 𝐍𝑖𝑗

(2)
(𝑘𝐫)  corresponds to inward-propagating multipole fields and 

𝐌𝑖𝑗
(1)(𝑘𝐫), 𝐍𝑖𝑗

(1)
(𝑘𝐫) are corresponding to outward TE and TM multipole fields. 

In the axial direction, optical force on the particle is given by[17]: 

𝐹𝑧 =
2𝑛𝑚𝑑𝑃

𝑐𝑆
∑ ∑

𝑗

𝑖(𝑖 + 1)
R𝑒(𝑎𝑖𝑗

∗ 𝑏𝑖𝑗 − 𝑝𝑖𝑗
∗ 𝑞𝑖𝑗)

𝑖

𝑗=−1

∞

𝑖=1

−
1

𝑖 + 1
[
𝑖(1 + 2)(𝑖 − 𝑗 + 1)(𝑖 + 𝑗 + 1)

(2𝑖 + 1)(2𝑖 + 3)
]

1
2

× R𝑒(𝑎𝑖𝑗𝑎𝑖+1,𝑗
∗ + 𝑏𝑖𝑗𝑏𝑖+1,𝑗

∗ − 𝑝𝑖𝑗𝑝𝑖+1,𝑗
∗ − 𝑞𝑖𝑗𝑞𝑖+1,𝑗

∗ ), 

     

 

(1.10) 

Where nmd is the medium refractive index, P is laser beam power, and c is the speed of 

light in space. 

The normalized torque along the z-axis acting on the particle is 

𝜏𝑧 =
𝑃

𝜔
∑ ∑

𝑗 (|𝑎𝑖𝑗|
2

+ |𝑏𝑖𝑗|
2

− |𝑝𝑖𝑗|
2

− |𝑞𝑖𝑗|
2

)

𝑆
⁄

𝑖

𝑗=−1

∞

𝑖=1

 
(1.11) 

in units of ћ/photon, where: 

𝑆 = ∑ ∑ (|𝑎𝑖𝑗|
2

+ |𝑏𝑖𝑗|
2

) .

𝑖

𝑗=−1

∞

𝑖=1

 
(1.12) 

We can use equation (1.10) to calculate the force on particles in different 

environments like liquids and air. The Refractive index also plays a vital role in trapping a 

particle. If the refractive index of the medium is smaller, the required trapping force will 

also be smaller and vice versa. Higher refractive index means a higher scattering force, 

which results in less probability of trapping particles. 

1.4 Summary 

In this chapter, we have discussed a brief history of nano and microsphere trapping—

the basic mathematics explaining the radiation force on a particle. When a photon hits the 

particle and gets scattered in a direction, a change in momentum of reflected/refracted 

photons occurs, which produces a recoil force. Hence, it pushes the particles in the 

opposite direction. 
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Different theories have been discussed here to calculate the radiation force on a 

particle depending upon the particle's size and the laser's wavelength. When the size of the 

particles is much bigger than the size of the laser wavelength, one has to consider ray 

optics. When the size of the particle is significantly smaller than the wavelength of the 

laser, in this case, the most appropriate theory to calculate the radiation force is the 

Rayleigh scattering approximation. And finally, when the size of the particle is 

comparable to the size of the laser wavelength, then the radiation force has to be 

calculated by Mie scattering approximation. In the Rayleigh scattering approximation, we 

saw from the calculation that the scattering force is proportional to R6, and the gradient 

force is proportional to R3. So, the scattering force decreases more rapidly than the 

gradient force, and it is easier to trap smaller particles because the negative gradient force 

can be achieved very quickly. 
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Chapter 2: Optically levitated nanoparticle’s motion and 

application 

2.1 CoM motion of nanoparticles 

Brownian motion is the zigzag (random) motion of tiny particles in liquid or gas. This 

phenomenon was discovered in 1827 by Robert Brown [22] while studying the movement 

of pollen grain particles placed in fluids with the help of a simple microscope. In 1905, 

Albert. Einstein published a paper in which he explained the Brownian motion 

correctly[23]. The instantaneous velocity and trajectory of a Brownian particle were used to 

be considered not differentiable due to the reason that this was never measured 

successfully before. In 2010, Dr Toncang Li performed experiments using a dual-beam 

optical tweezer to trap the micron size particle and measured the instantaneous velocity of 

Brownian motion in air at different pressures[24].  

2.1.1 Motion of optically trapped nanoparticles 

For simplicity, we will consider the motion of a particle's centre-of-mass in the one-

dimension, i.e. only x-direction. According to the Langevin equation[25-27], the equation of 

motion for a Brownian particle can be described by: 

�̈�(𝑡) + 𝛾�̇�(𝑡) + 𝜔0
2𝑥(𝑡) =

𝐹𝑡ℎ(𝑡)

𝑚
 (2.1) 

Where m represents the mass of levitated particles in the fluid, ω0 is particle frequency in 

the x-direction. And 𝛾 = 6𝜋𝜂𝑅 is the damping rate of particle’s motion, R is the radius of 

the particle, η is the viscosity of the fluid. 

𝐹𝑡ℎ(𝑡) = (2𝑘𝐵𝑇𝛾)1/2𝛼(𝑡) (2.2) 

equation (2.2) is the Brownian stochastic force,  𝛼(𝑡) is the process of normalized white-

noise and satisfies over 𝑡 and 𝑡′. 

〈𝛼(𝑡)〉 = 0, 〈𝛼(𝑡)𝛼(𝑡′)〉 = 𝛿(𝑡 − 𝑡′) (2.3) 
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The power spectrum of the particle’s motion signal contains information about the 

optical trapping levitated particle system; the Fourier transform of equation (2.1) can be 

obtained from Ref[28]. By taking the Fourier transform of x(t) and α(t): 

𝑋(𝜔) = ∫ 𝑥(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

 
(2.4) 

 

𝐴(𝜔) = ∫ 𝛼(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

 
(2.5) 

transforming equation (2.1) into Fourier: 

−𝜔2𝑋(𝜔) − 𝑖𝜔𝛾𝑋(𝜔) + 𝜔0𝑋(𝜔) = √
2𝑘𝐵𝑇𝛾

𝑚
𝐴(𝜔) 

 

(2.6) 

while 

𝑋(𝜔) = √
2𝑘𝐵𝑇𝛾

𝑚
A(𝜔)

1

−𝜔2 − 𝑖𝜔𝛾 + 𝜔0
2 

 

(2.7) 

from equation (2.3), we can get: 

〈𝑋(𝜔)〉 = 0, 〈A(𝜔)∗𝐴(𝜔′)〉 = 𝛿(𝜔 − 𝜔′) (2.8) 

then the power spectral density will be: 

𝑆𝑥(𝜔) =
2𝑘𝐵𝑇

𝑚

𝛾

(𝜔0
2 − 𝜔2)2 + 𝜔2𝛾2

 (2.9) 

We can obtain the power spectral signal of a particle's motion according to equation (2.9), 

and it gives us most of the physical information about a particle. 

2.1.2 Damping rate of CoM motion 

In the air or vacuum environment, the damping rate of a particle’s motion is related to 

the thermal motion of air molecules. Assuming that air particles are evenly distributed and 

reflection from the particle surface is diffusive, the collision between the thermal motion 

of air molecules and the particle is elastic. The damping rate can be calculated according 

to kinetic theory[29]: 

𝛾 =
6𝜋𝜂𝑅

𝑚

0.619

0.619 + 𝐾𝑛
(1 + 𝑐𝑘) 

(2.10) 
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Where 𝜂 is air viscosity coefficient, R is the particle's radius, m is mass of the particle, 

𝐾𝑛=𝑙/𝑅 represents the Knudsen number, which shows the ratio of particle's free path to the 

particle's radius. Where ck is a function of Kn[29]: 

𝑐𝑘 =
0.31𝐾𝑛

0.785 + 1.152𝐾𝑛 + 𝐾𝑛2
 

(2.11) 

When the air pressure is very low 𝐾𝑛 ≫ 1, by taking the first-order approximation of the 

Taylor expansion for equation (2.10), we can get: 

𝛾 = 0.619
9𝜋𝜂𝑑2

√2𝜌𝑘𝐵𝑇

𝑝

𝑟
 

(2.12) 

Where d represents the average diameter of air molecule, 𝜌 is the particle’s density, p is air 

pressure. We can see from equation (2.12) that the damping rate is proportional to air 

pressure. At very high pressure 𝐾𝑛 ≪ 1, the damping rate can be simplified as predicted 

by Stoke’s Law. 

𝛾 =
6𝜋𝜂𝑟

𝑚
 

(2.13) 

We can easily determine the particle's size, temperature, mass, etc., by measuring damping 

rate at different pressures. 

2.2 Cooling the CoM motion of nanoparticles 

The principle of trapping nanoparticles is based on a focused laser beam’s radiation 

pressure. The laser beam's focus region creates a stable 3D parabolic potential well, where 

the trapped particle performs a resonant motion in an optical potential well. The damping 

rate of optically levitated nanoparticles are minimal in the vacuum environment, which 

can be used for ultra-precise measurement, and further cooling of the CoM of 

nanoparticles will improve the measurement sensitivity[30, 31]. At the same time, it is also 

an effective way to prepare macroscopic quantum states[32, 33]. Cooling the CoM motion of 

optically levitated nanoparticles to their quantum ground state can be used to study the 

quantum phenomena at the macroscopic level[34, 35]. Nowadays, many international groups 

have proposed schemes for generating macroscopic quantum superposition using optically 

trapped nanoparticles, i.e. “Near-field interferometry of a free-falling nanoparticle from a 

point-like source” proposed by Bateman et al. [36]. Oriol Romero-Isart et al. [32] proposed a 
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method to cool the particles in the high-finesse cavity where the pressure on the particle 

will be very low to create the quantum superposition of macroscopic dielectric 

nanoparticles. Besides, research in quantum physics can also be used to measure short-

range forces[30, 31, 37, 38]. In 1976, A. Ashkin introduced the idea of feedback stabilization to 

cool the trapped particles[9]. 

A feedback loop is essential when the pressure decreases and the heating effect of the 

nanoparticle are greater than the damping rate from the air; eventually, the particles gain 

sufficient energy to skid out of the optical trap. To avoid this heating effect, we may need 

to use some alternative method to cool the particle’s centre of mass motion. Different 

techniques have been developed to cool or reduce the heating effect of the nanoparticles in 

traps. In principle, the cooling methods are of two types. One approach is to obtain the 

output signals from the particles and feed them back into the AOM, which adjust the 

power of the trapping laser beam. Another method is to implement the feedback loop 

before the chamber, which will reduce the pointing noise and amplitude of the trapping 

laser. And to do that, all you need to do is place a photodetector before the chamber with a 

lens having the same focal distance as the pointing position of the laser in the chamber. 

FPGA (field-programmable gate array) will also be connected and provide an input signal 

through the modulation of the AOM and piezo deflection mirror to the pointing position of 

the trapping laser for feedback cooling. 

Some of the cooling techniques are given below. 

2.2.1 Active feedback cooling 

Cooling the centre of mass motion of an optically levitated microsphere was studied 

experimentally at the University of Texas at Austin by Dr Tongcang Li. They have cooled 

simultaneously the three degrees of CoM motion of the particle from room temperature to 

a minimum temperature of about 1.5 mK. Three laser beams of 532 nm have been used to 

cool each degree of freedom. The signal of the particle’s motion is feedback to the 

acousto-optics-modulator (AOM) to control the power of the trapping beam at a pressure 

of about 5.2 mPa. The phonon number for the corresponding mode has been reduced to a 

number of 3400 from 6.8× 108. The rms amplitude has reached 15 pm from 6.7 nm[39]. 
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2.2.2 Parametric feedback cooling 

In 2012, Jan Gieseler et al.[40] of the ICFO-Institut de Ciencies Fotoniques, 

Mediterranean Technology Park in Spain proposed a scheme to cool the centre-of-mass 

motion of nanoparticles through parametric feedback cooling. It uses a single laser beam 

instead of additional lasers for cooling the three dimensions of nanoparticle efficiently. 

Parametric feedback uses the gradient force to cool all the motional degrees of freedom 

and works by changing the trap stiffness as a function of bead position. The trap stiffness 

(spring constant k) will change if the bead moves away from equilibrium position. The 

stiffness will increase when the bead moves away and will decrease if the bead moves 

towards the equilibrium position. Intensity gradient of dipole trap is proportional to the 

stiffness. The modulation of the trap laser power will modulate stiffness of the trap as 

well. 

 
Figure 2.1. Simple illustration of this technique. 

A single laser beam is intensely focused to trap and cool a single silica nanoparticle 

with a radius of about 70 nm. The motion signal of the oscillation frequency is doubled 

and phase-shifted. The resulting signal is feedback to the acousto-optic modulator (AOM) 

to modulate the power of the trapping laser (basic diagram given in Figure 2.1), which 

affects the optical potential. By stabilizing the depth of the trap, it enables cooling the 

particle centre-of-mass motion. They succeeded in decreasing particle temperature from 

room temperature to about 50 mK at a pressure 2.5×10-6mBar. And they also made it 

confirm that the centre-of-mass motion temperature is proportional to the air pressure.  
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Figure 2.2. Basic diagram of parametric feedback cooling. 

In 2017, Hendrik Ulbricht group at the “Department of Physics and Astronomy, 

University of Southampton, UK” used a parabola with high numerical aperture. A 102 nm 

silica nanoparticle was trapped by optical gradient force using a parabolic mirror. It cooled 

all the three motional degrees of freedom with the help of parametric feedback cooling to a 

few millikelvins [41]. At 6 × 10-6mBar, the three degrees of freedom were cooled to 

13mK,6mK and 3mK, respectively. At this point, the quality factor of the optically 

levitated nanoparticle reached 109. 

2.2.3 Electric feedback cooling 

In 2019, M. Iwasaki et al.[42] of the Department of Physics, Tokyo Institute of 

Technology, Japan, proposed a new method to cool the centre-of-mass motion of charged 

nanoparticles. They added a pair of parallel electrodes near the focal point of the focused 

laser, where the particle is trapped. They measured the position of nanoparticles through 

an optical field and synchronized the oscillating electric field to the particle's motion. The 

effective temperature of the nanoparticle reached below 10 mK but a little higher than 6 

mK at pressure 4×10-3 Pa for every direction. The phonon occupation number in the x, y, 

and z directions were 2.5×103, 1.3×103, and 6.1×102, respectively. The cooling effect of 

electric feedback was about two orders better than parametric feedback cooling.   

In the same year, Gerard P. Conangla and others at ICFO, Spain, used the identical 

method to cool one mode of the centre-of-mass motion of an optically levitated 

nanoparticle [43]. At a pressure of 3×10-7 mBar, the centre-of-mass motion temperature 

reached 5 mK. Lukas Novotny at Photonics Laboratory, ETH Zürich, Switzerland, 
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(coincidently on the same date with Gerard P. Conangla), published the same method with 

an outstanding result. The centre-of-mass (CoM) motion of trapped nanoparticles was 

successfully cooled down from room temperature to a record low temperature of 100 𝜇K 

at a pressure of 10-8 mBar[44]. 

2.2.4 Cavity cooling 

In 2019, Lukas Novotny’s group and Markus Aspelmeyer’s group independently 

cooled the three CoM motional degrees of levitated nanoparticles in an optical cavity 

through coherent scattering[45, 46]. The particle’s centre-of-mass motion cooled down to 10 

mK at pressure 3×10-7. Further cooling was limited by the laser phase noise[47]. In 2020, 

Markus Aspelmeyer’s group successfully cooled the nanoparticle from room temperature 

to its quantum ground state by precisely controlling the position and frequency of the 

trapping laser w.r.t optical cavity. The phonon numbers were reduced to 0.43, and the 

corresponding temperature was 12 𝜇K[48]. 

2.3 Applications of optically trapped nanoparticles. 

Optically levitated nanoparticles are considered as Nanomechanical harmonic 

oscillators and have numerous applications such as force sensors[31, 49], gravity sensors[50], 

precise motion sensors[51], mass sensors[52-54], charge sensors[55], sound wave detection in 

liquid[56] and temperature sensor[30, 57], but Its sensitivity is mainly limited by 

environmental thermal noise[58, 59]. Therefore, optically levitated nanoparticles are suitable 

measurement sensors at very low pressure under specific circumstances[60, 61]. However, 

due to the decoupling characteristics of the optically levitated nanoparticle system and the 

environment, it can be achieved at room temperature. These articles give the sensitivity of 

mechanically immobilized harmonic oscillators in cryogenic environments with a 

straightforward, simple setup [40, 62].  

2.4 Summary 

This chapter explains the Brownian motion of particles under the influence of optical 

force in a fluid and vacuum environment. Further, we describe the damping rate of CoM 
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motion of optically levitated nanoparticles. Different techniques have been developed and 

explained here to cool the centre-of-mass motion of optically levitated nanoparticles to 

millikelvin or micro-kelvin temperature and even cool it down to its quantum ground state 

for observing the quantum phenomena on a mesoscopic scale. Lastly, we explain some 

practical uses of optically levitated nanoparticles in different measuring and sensing 

systems. 
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Chapter 3: Experimental setup for optically levitated 

nanoparticles 

3.1 Introduction 

Optical trapping and manipulation of mesoscopic particles didn’t even exist until the 

advent of lasers. It plays an essential role in studying micron-sized particles in chemistry, 

physics and biology. Arthur Ashkin showed in 1970 that a focused laser beam exerts 

radiation pressure on small particles and can affect the dynamic of particles[6]. In 1976, He 

trapped a micron-size particle, and the pressure was reduced from room temperature to a 

high vacuum of 10-6Torr[8]. A simple method to trap particles with the help of focused 

lasers is based on vertical orientation. The upward scattering force balances the gravity of 

the particles and can be easily levitated by light. In 1986, Arthur Ashkin group proposed 

the use of a single-beam gradient force to trap microparticles, and they successfully 

captured the particles in an aqueous environment[14]. In 1997, Ryota Omori’s group at the 

University of Tokyo had used a single-beam gradient force which creates a potential well 

to trap micrometer size particles in the air[63]. Trapping the particles in the air is more 

complicated than an aqueous environment. The coefficient of air viscosity is larger than 

water. The damping rate of moving particles in the air is also smaller. The movement of a 

particle in air is larger than in water, and the speed of particles in the air is also greater 

than in water. So, it will require a larger gradient force to overcome the particle's kinetic 

energy. Another reason is that the relative refractive index of particles and air is larger, 

and the scattering of laser light applies more force on the particles to kick them out of the 

potential well. 

Furthermore, the gravity of the particle is also considerable, and the water can exert a 

larger buoyant force on particles than air. So, it is easier to trap particles in water than in 

air. In 2010, Dr Tongcang Li successfully trapped a micron-size particle in a vacuum 

using gradient force[24]. In a vacuum environment, the particle’s centre-of-mass motion has 

a minimal damping rate, which can be used for precise measurements and 

manipulations[30, 31, 64, 65]. Hence, optically levitated nanoparticles in a vacuum became a 

popular research direction. 
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First of all, we describe the basic experimental setup for trapping the nanoparticles. 

We have illustrated the basic sketch of the optical path used in our experimental platform. 

Then, we design a vacuum system for tapping the nanoparticles and their components. We 

chose specific nanoparticles as our research objects and described the methods to make a 

solution and the loading methods in detail. After the nanoparticles are trapped in a vacuum 

chamber by the focused laser beam through a high NA objective lens, the centre-of-mass 

motion signal of the three orthogonal eigenmotion directions of the nanoparticle, its 

measurement method and principle are introduced in detail. The core of the measurement 

system is a self-made balanced homodyne detector with high gain, high bandwidth and 

high common-mode rejection ratio. It can achieve high precision measurement of the 

particle’s motion signal. 

3.2 Optical path and essential components 

A simplified diagram of our experimental setup is given in Fig 3.1. In most of our 

experiments, we used a dual-wavelength (1064 nm and 532 nm, 20W, CW, DPSS FG-

VIB) laser system assembled by our institute (Institute of Optoelectronics, Shanxi 

University). The 1064 nm and 532 nm output laser beams are protected from reflecting 

back into the laser through an isolator.  The output 1064 nm laser beam from the laser is 

divided into two parts through PBS (polarizing beam splitter), where one part of the beam 

enters the F-P cavity to check the stability of the laser. The other part is divided into two 

parts through PBS, then coupled to a single-mode fiber optic. One part of the 1064 nm 

beam passes through an AOM (Acousto-optic modulator) to shift the frequency of the 

beam by a mount of 110 MHz. In contrast, the other part is un-shifted. The shifted and un-

shifted laser beams are combined with PBS and then pass through the quarter and half-

wave plates. The polarization of the trapping beams can be adjusted according to the 

experimental requirements. An objective lens (Nikon CF IC EPI Plan 100X, NA=0.95 and 

the working distance (WD)=0.3 mm) tightly focuses the vertically propagating laser 

beams in the gravity direction. Another high NA aspheric lens (Thorlabs C330TMD-C, 

NA=0.68, WD=1.8 mm) is used to collect the trapping beam's output light to detect the 

CoM motion signal, torsional signal and rotation signal of the nanoparticle. One beam of 
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the two entering beams to the chamber is precisely controlled by Pico-motor (New focus) 

to move the beam to any desired location within the specified region. 

The second wavelength, 532 nm from the laser is used to illuminate the nanoparticle. 

The same high NA objective lens collects the scattered light from the nanoparticle and 

imaged it on a CCD camera (squeezed light field). Different components of our 

experimental setup are explained in the upcoming sections in detail. 

 

 

Figure 3.1. The basic diagram of our experimental platform, and different components. 

3.3 Vacuum system 

Generally, the vacuum is a region in space where the pressure of gas is lower than 

atmospheric pressure. The perfectness of a vacuum can be measured through the pressure 

inside a chamber. If the pressure reaches a low value, then the vacuum is better and vice 

versa. The vacuum system has many advantages like low viscosity coefficient, weak 

thermal motion, less collision of air molecules, etc. Vacuum systems are widely used in 
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physics, food processing industries, materials, and various research fields have the 

advantages of this system, such as life sciences and precision instruments.   

 

Figure 3.2. Basic representation of vacuum system. 

Figure 3.2 shows the schematic diagram of vacuum system used in our experimental 

platform. The vacuum system mainly includes a vacuum chamber or science chamber, 

vacuum valve, vacuum chamber windows, vacuum pipelines, vacuum gauges and vacuum 

pumps. The vacuum chamber used in our platform is an octagonal ultra-high vacuum 

chamber (6 Multi-CF Spherical Octagon: MCF600-SphOctF2C8) developed by Kimball 

Physics (company). The chamber contains eight windows around it to facilitate the 

connection of other vacuum components and observation of experimental operations. 

Inside the chamber is an ample cylindrical space, which can be used to place optical 

components required for the desired experiments. One of the windows from the vacuum 

chamber has been used to connect a high voltage single polarity wire to charge and 

discharge particles. Two of the windows connect other components of the vacuum, while 

five of the eight windows have vacuum window lenses (MDC Zero Profile Viewport). The 

vacuum window lenses are coated with 532nm and 1064nm dual-wavelength zero-degree 

anti-reflection coating and can reduce laser power loss while performing the experiments.  

One of the vacuum chamber window is used to connect the gate valve. This gate 

valve is for loading the nanoparticles into the vacuum chamber through different 

approaches. On the opposite side, the vacuum chamber has a series of vacuum connection 
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pipes listed as follows respectively: vacuum electrodes, resistance vacuum gauge, 

ionization vacuum gauge, and vacuum valve. 

                   

Figure 3.3. Real picture of the vacuum system components. (A) is the Gate valve, (B) Ionization gauge, 

(C) Resistance gauge and (D) is the complete picture of all the components together, including the 

vacuum chamber. 

The vacuum electrode consists of six terminals that conduct external electrical signals 

into the vacuum chamber and provide the electric field for different related research 

experiments. The resistance gauge measurement range is 105- 5 × 10-2 Pa, and the 

ionization gauge range is about 10-1-10-8 Pa. These gauges can measure the pressure from 

atmospheric pressure to high vacuum. Here, it should be noted that the ionization vacuum 



Chapter 3: Experimental setup for optically levitated nanoparticles 

23 
 

gauge generates Corona discharge and impacts the experimental results. In order to keep 

the impact very low, we place the ionization gauge at a specific distance from vacuum 

chamber. The vacuum valve is connected to the vacuum pump through a bellow, which 

can control the pumping of air velocity and air pressure in the vacuum system. In our 

system, we have used two vacuum pumps. One is a mechanical pump that can easily 

reduce the pressure up to 0 Pa, but to reduce it further, we need a molecular pump, which 

reduces the pressure in the entire vacuum system to 10-3Pa. The vacuum system (except 

the vacuum pump) is placed on an air suspension optical table (Newport). It can 

effectively isolate external vibration and improve system stability. 

3.4 Selection of particles and loading 

Nanoparticles have numerous types, but mainly they can be divided into two groups, 

i.e. organic and inorganic nanoparticles. Here, we are more interested in inorganic 

nanoparticles, including quantum dots, fullerenes, silica, gold etc. The Refractive index 

and size of the particles have different effects on the light trapping system. The particles 

considered as mechanical objects used in levitation are typically nano-or microparticles 

with a specifically chosen geometry. Ideally, a spherical particle can be used to measure 

the centre-of-mass motion. And to measure the liberation or rotation, a cylindrical or 

ellipsoidal particle is better to choose. The particle selected in our experiments is silica 

nanoparticles (SiO2 or Silicon dioxide). The reason for selecting the silica nanoparticle is 

its high refractive index and monodisperse. These particles are produced by Bangs 

Laboratories, Inc. USA (Bangs Laboratories, Inc.). By observing silica nanoparticles under 

the scanning electron microscope, the silica particles are spherical, and the size 

distribution is uniform. In our experiments, we have tried different particles, but the most 

common one has 163nm diameter. Stock solution picture of silica nanoparticle and dilute 

solution is given in Fig 3.4.  

https://www.bangslabs.com/
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Figure 3.4. Stock solution of silica nanoparticle and sonicated dilute solution. 

For non-spherical nanoparticles, such as little asymmetric particles or Nano 

dumbbells or rods, in addition to the translational motion of three degrees of freedom, the 

particle's motion in the optical potential well also produces torsion and rotation[66-70]. 

Furthermore, spherical nanoparticles are easier to trap under a high vacuum, while non-

spherical particles will follow the air flow as we decrease the pressure and can be lost 

easily. 

The stock solution of monodisperse nano-silica particles purchased is in an aqueous 

solution. The surface functional group is hydroxyl (-OH). The concentration of particles in 

solution is 2.5%w/v (weight per volume), which means that in 100ml, there are 2.5g of 

nano-silica particles. When the particles are stored for a long time, it breeds bacteria inside 

and leads to deterioration, affecting the trapping and experimental measurement. To avoid 

this phenomenon, we dilute the aqueous solution of nanoparticles in high-purity ethanol 

with extreme care by not introducing impurities when diluting. The ethanol we have used 

are of chromatographic grade with a purity of 99.9%. After making the solution, we store 

it in the refrigerator and maintain a temperature of about 4 degrees Celsius, which lost for 

a very long time. 

3.4.1 Making solution 

After choosing the nanoparticles, the next step is to make the dilute solution with the 

desired concentration. In our experiments, mainly we have used silica nanoparticles. When 

diluting the solution, first, we need to wear gloves to avoid adding impurities into the 

solution. The initial high concentration solution should be shaken well and placed in an 
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ultrasonic cleaner for sonication so that the silica particles are uniformly and 

monodispersed in the solution. A micro-volume of the stock solution is then diluted into 

high-purity anhydrous ethanol by pipette. The silica nanoparticles are commercially 

hydro-soluble. We use a concentration of 2.4 ×107/ml. It means that 1ml of ethanol 

contains 2.4×107 nanoparticles. And then sonicate the dilute solution again for at least 30 

minutes to distribute the particles evenly. The ethanol solution of the particles become 

atomized, and the resulting droplets contain individual nano-silica particles. The whole 

process of configuring the nano-silica particle ethanol solution needs to be carried out in 

an ultra-clean room to ensure no pollution. 

3.4.2 Loading of nanoparticles 

Once all the experimental setups (Vacuum system, laser system, optical trap etc.) are 

ready, the next step is to load the nanoparticles into the vacuum system and trap it. The 

ultrasonic nebulizer used in the experiment is the Omron mesh nebulizer NE-U22, as 

shown in Fig 3.5. 

 

Figure 3.5. Omron mesh nebulizer NE-U22 

To trap an individual nano-silica particle, the solution is injected into the nebulizer 

bottle to atomize the ethanol solution. It is appropriate to keep the ratio of droplets to 

nano-silica particles at 100:1. We use a Teflon thin tube of about 5mm diameter to carry 

the vaporized solution containing the nanoparticles from the nebulizer into the vacuum 

chamber near the focal point of the objective lens. The concentration of the ethanol 

solution spray needs to be controlled so that the droplets entering the vacuum chamber 

have a certain initial velocity, which is convenient to trap a single nanoparticle. After 

trapping nanoparticles, we close the gate valve and turn on the vacuum pump to evacuate 

the chamber. Lastly, we open the vacuum valve and precisely control the evacuation of the 

chamber to prevent the nanoparticles from losing. 
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The following points should be noted when using the nebulizer: The solution should 

not be stored in the nebulizer for a long time. If the solution is changed once a day, the 

atomizer needs to be cleaned at regular intervals to prevent the precipitation and 

aggregation of silica particles. The nebulizer and the bottle in which the solution is kept 

should be cleaned with an ultrasonic cleaner. 

3.5 Detection system 

The easiest and quickest method to observe if the particle has been loaded into the 

optical trap is using a CCD (Kannic KC-582B), placed perpendicular in the front window 

of the vacuum chamber. When the nanoparticle gets trapped, it absorbs and re-emits the 

light irregularly, which is sufficient for an ordinary CCD camera to capture it in a long 

exposure. The CCD is connected to a VCR monitor screen, and a real-time video can be 

seen simultaneously. We can see a “white small dot” above the high NA objective lens, 

which gives us the first insight into a trapped nanoparticle.  

When considered in Cartesian coordinates, nanoparticles captured by an intensely 

focused laser perform resonant motion in an optical potential well and have three degrees 

of freedom. The corresponding eignmotion frequencies are 𝜔𝑥, 𝜔𝑦 and 𝜔𝑧. In a vacuum 

environment, the collision of thermal motion of gas molecules causes the particles to make 

a damp resonant motion, which has high speed and regularity. Besides this, the motion 

range of the trapped nanoparticles is petite, and the maximum displacement is in the order 

of hundreds of nanometers. That’s why measuring the CoM motion of the nanoparticles 

requires a high-bandwidth, high-resolution and high-gain detection system. In our 

experimental platform, we utilize the balanced homodyne detection system to measure the 

CoM motion signal of the nanoparticles. 

We use a strongly focused 1064nm laser beam to trap the nanoparticles. The scattered 

light from the nanoparticles and un-scattered light from the trapping beam is collimated by 

another high numerical aperture lens to make the output light from the particle parallel. 

The motion amplitude and diameter of the nanoparticles are much smaller than the waist 

spot of the focused laser beam and wavelength. The silica nanoparticle radiates light to the 

surrounding three-dimensional space, which contains the particle’s CoM motion 
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information. The output lens collects all the possible scattered light from the particle. The 

distance from the lens to the particle is exactly the lens's focal length. However, the 

particle's scattered light is weak and cannot be used directly to measure the quantitative 

CoM signal. As we know, the size of the particle is smaller than the waist spot of the 

focused laser, so most of the beam passes un-scattered. The scattered light from the 

particle and un-scattered light is being collected by a high NA aspheric lens, which is also 

parallel. The scattered and un-scattered light has the same frequency and good spatial 

coincidence. Both the output light interferes and the un-scattered light enhance the 

scattered light amplitude, which contains the particle’s motion information and can be 

used to measure the CoM motion of the nanoparticle. The output beam can be split into the 

beam cross-section and along the beam propagation direction, discussed below in detail. 

3.5.1 Radial detection 

The particle has two orthogonal eigenmotions in the radial direction; let's suppose 

that one motion is in the horizontal direction represented by x and the other is in the 

vertical direction represented by y. In these two directions, the measurement method for 

motion signal is the same. We will consider the measurement of the CoM motion signal of 

the particle in the y direction as an example to analyze the detection method. Figure 3.6 

represents the schematic diagram of homodyne detection of the y-direction eigenmotion of 

particles. The output scattered light from the particle, and un-scattered light carries 

information about the CoM motion of the particle. 
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Figure 3.6. Schematic diagram of measuring the particle’s radial motion signal.  

We utilize a D-shape mirror with sharp edges (BBD1-E03 - Ø1" Broadband 

Dielectric D-Shaped Mirror, 750 - 1100 nm), which divides the cross-section of the beam 

into two equal parts. An individual spherical converging lens focuses each part into two 

photodiodes for measurement. The focal length of the converging lens is f=30mm, and the 

waist of the focused beam is about 𝜔0 = 30𝜇m. The photodiode used in our experiment is 

the Indium Gallium Arsenide photodiode ETX500 made by the JDSU company, which 

has an effective diameter of 500µm on the photosensitive surface. The sensitivity range of 

the detector to the wavelength ranges from 800-1700nm, which has high quantum 

efficiency and small dark current and can meet the high-precision measurement of particle 

motion signals. The difference signal of the amplitudes of the two halves of beams can be 

obtained by subtracting the signals detected by the two photodiodes through a subtractor. 

Inside the dashed circle in Figure 3.6 is the beam's cross-section at the D-shaped mirror; 

the dashed line represents the horizontal x-direction. The solid line is in the vertical 

direction representing the y-direction. The D-shape mirror divides the beam into two 

halves. The angle between the sharp edge of the D-shape mirror and the x-direction is θ. 

The un-scattered light is ultimately cancelled in measurement and leaves only the part 

related to the motion signal of the particle. The difference signal can be written as: 

𝐷(𝑡) = 𝐷𝑥(𝑡)𝑠𝑖𝑛𝜃 + 𝐷𝑦(𝑡)𝑐𝑜𝑠𝜃 (3.1) 
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Dx(t) and Dy(t) are the motion signals of the particle in x and y directions, respectively. 

When θ=0, the D-shape mirror will be vertical, and only the y-direction motion signal of 

the particle will be divided into two halves. And if θ=π/2, the D-shape mirror will divide 

the horizontal part of the beam into two halves, which contains information about the x-

direction of the particle’s motion. In this way, we can precisely determine the radial 

motion of the particle. 

3.5.2 Axial detection 

The detection method of the particle’s axial CoM motion signal is quite different 

from that in the radial direction. In this case, a half-wave plate and a polarizing beam 

splitter are used to split the outgoing light into two halves. The transmitted part through 

the PBS is focused by a spherical converging lens of 30mm focal length into the 

photosensitive area of the photodetector. The waist of the focus beam is smaller than the 

photosensitive area of the detector. The basic schematic diagram is given in Figure 3.7 

below. 

 

Figure 3.7. Schematic diagram of measuring the particle’s axial motion signal. 

The reflected light is focused and expanded by a spherical mirror with a short focal 

length making the beam cross-section larger than the photosensitive area of the photodiode 

shown in the doted area of the circle in Figure 3.7. In the given diagram circled area, r is 

the radius of the photodiode sensitive area, R is the radius of the beam cross-section where 
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𝑟 < 𝑅 . The first photodiode only measures the intensity of the central portion of the 

reflected beam. When the particle gets trapped, the particle's movement in the axial 

direction changes the convergence of the outgoing light. So, the intensity of the reflected 

light measured by the first photodiode is related to the axial displacement of the particle. 

We must choose the proper ratio of r to R, and the subtractor cancels out all the un-

scattered parts of the signal, leaving the part related to the particle axial motion signal. In 

our case, the relative intensity of transmitted light and reflected light is 1:2, and the axial 

motion of the particle has a larger signal-to-noise ratio. 

3.5.3 Balanced homodyne detector 

The balanced homodyne detector is used to measure the CoM motion signal of 

particles. The main components of the homodyne detector are two photodiodes and 

subtractors, which measure the particle motion signal and process it in one circuit. Figure 

3.8 is our homodyne detector's schematic PCB (printed circuit board) diagram. The two 

photodiodes are directly connected in series, and their current can be obtained at the node. 

An operational amplifier then processes the difference signal. This design avoids the 

inconsistency of the detector components and extra noise introduced in signal processing. 

It has a sizeable common-mode rejection ratio. The voltage can be divided into two parts, 

one part obtains the AC signal through a high-pass filter composed of C2 and R3, and the 

cutoff frequency is: 

𝑓 =
1

2𝜋𝑅3𝐶2
 

(3.2) 

The other part is used for the detection of DC signals. This detector can be called a current 

subtraction detector. 
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Figure 3.8. Shows the electronic circuit and PCB with all the components. 

The photodiode uses InGaAs PIN photodetector ETX500 made by the JDSU 

company. The detector has high quantum efficiency and sensitivity in the range of 800-

1700nm spectral region. In normal operating mode, its dark current is 1.7nA, the junction 

capacitance is 44pF, and the bandwidth is 140MHz. the noise current density is about 

10𝑓𝐴/√𝐻𝑧. Which meets the high-precision measurement of the centre of mass motion of 

the nanoparticles. The detector adopts two-stage amplification to obtain signals with larger 

gain and larger bandwidth. The first stage method uses jumper resistance, the operational 

amplifier model (LMH6624) has been used, and the unit gain bandwidth is 1.3GHz. The 

gain of the first-stage amplifier circuit is (−1 × 104𝑉/𝐴). The output signal of the first-

stage amplifier circuit is divided into two parts, which are used to detect DC signal and 

AC signal. In our experiments, to measure nanoparticles' low-frequency CoM motion 

signal, the DC output signal needs to be analyzed. That’s why only the DC signal is 

amplified in two stages. The second-stage amplifying circuit of the DC signal adopts a 

general subtractor circuit design. When there is no optical input signal, the DC output 

signal will have a particular bias voltage due to the unbalanced voltage and load of an 

operational amplifier. To not affect the measurement of particle motion signal, a reverse 

input voltage is added in the second-stage amplifier circuit. The DC output signal is zero 

when there is no optical input signal. The second-stage amplifier model is (LM6181), the 

unit gain bandwidth is 100MHz, and the amplification factor is −
𝑅6

𝑅4
⁄ = −5. And the 

total amplification of the detector is: 

𝑇𝐹 =
𝑅6

𝑅4
× (𝐼1 − 𝐼2)𝑅1 

(3.3) 
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Where I1 and I2 are the currents generated by two photodiodes. The gain of the detector is 

5 × 104𝑉/𝐴, and the bandwidth is approximately 20MHz. 

3.6 Data recording and analysis 

The nanoparticle's CoM motion can be measured in three 3-D with three different 

homodyne detectors, as explained in section 3.5. Each detector can be used to measure the 

optical signal in separate directions. The PSD (power spectral density) signal of 

nanoparticle’s CoM motion from detectors is recorded with “The Rohde & Schwarz signal 

and spectrum analyzer” model (FSV3013). This machine is advanced, enabling us to save 

data on a flash drive. Usually, in one file, we can save up to six traces. The frequency 

range of this machine is from 10Hz-13.6Ghz and gives us a flexible environment to record 

an enormous range of data. The spectrum analyzer connects the homodyne detector 

through a BNC cable. We record the traces for each position (direction) of the nanoparticle 

at a different pressure. To record the centre-of-mass motion of the nanoparticles, we set 

the initial frequency of the spectrum analyzer at 0Hz and the final frequency at 

approximately 300-400 kHz, depending on the particle trajectories in the trapped beam. 

We take the average of the PSD through an analyzer and save the traces of averaged 

trajectories. As all the necessary data recording finishes, we transfer the data to another PC 

(personal computer) for analysis. 

3.6.1 Data analysis 

We record and analyze the motion of nanoparticles in the frequency domain. The 

analysis of equation (2.9) holds for all three dimensions. The power spectral density signal 

gives us information about the signal’s average power distribution at a specific time in the 

frequency domain. Integrating the power spectrum density overall frequencies range will 

provide us with the average power of an entire signal. For example, we will consider the 

power spectrum density of a nanoparticle motion in only one direction, i.e., x-direction. 

The power spectral density of particle motion under different pressures is measured in 

Figure 3.9. given below. 

https://www.rohde-schwarz.com.cn/products/test-and-measurement/benchtop-analyzers/rs-fsv3000-signal-and-spectrum-analyzer_63493-601503.html
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Figure 3.9. PSD of a nanoparticle’s motion in the x-direction. 

The Power spectrum density has been recorded for every pressure started from 

5000Pa in descending order up to 500Pa. We have used the origin software to analyse the 

power spectrum density. We use a nonlinear fit for each pressure’s power spectrum 

density to get the damping rate of the nanoparticle at that specific pressure. By doing so, 

we complete the fitting of all the pressure and get the damping rate of each pressure. The 

next step is to plot the damping rate again to pressure. The damping rate for Figure 3.9 is 

given in Figure 3.10. Once we get the damping rate, we use linear fitting to analyse the 

data further. The slope of the linear fit can help us calculate the radius of the particle and 

the mass of the particle. 
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Figure 3.10. Damping rate of nanoparticle’s x-direction. 

By fitting the damping linearly, we obtain the slope of the graph, which can be used 

in finding out the size of the nanoparticle, i.e., the radius of the particle or length of the x-

direction (for this example length of the x-direction is 186 nm), if the particle is not a 

complete sphere. Once we have the particle's radius, further on, we can find out the mass 

of the particle as well. The density of particles is mostly given, and by obtaining the 

lengths of all three directions, we can easily get the mass of the particles. 

3.7 Summary  

In this chapter, we briefly introduced optical trap uses and development in different 

fields of today’s science. A simplified diagram of our experimental setup is given in Fig 

3.1. We have used a dual-wavelength (1064 nm and 532 nm) laser. The output 1064 nm 

laser beam from the laser is divided into two parts through PBS; one part is for the F-P 

cavity and the second for experiments. An objective lens (Nikon CF IC EPI Plan 100X, 

NA=0.95 and the working distance (WD)=0.3 mm) tightly focuses the vertically 

propagating trapping beams in the gravity direction. Another high NA aspheric lens 

(Thorlabs C330TMD-C, NA=0.68, WD=1.8 mm) collects the trapping beam's output light 

to detect the CoM motion signal, torsional signal and rotation signal of the nanoparticle. 

One beam is precisely controlled by Pico-motor (New focus) to move the beam to any 
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desired location within the objective plan. The second wavelength, 532 nm from the laser 

is used to illuminate the nanoparticle. The same high NA objective collects the scattered 

light from the nanoparticle and imaged it on a CCD camera. 

We designed a complete vacuum system including a vacuum chamber, vacuum 

valves, vacuum pipes, vacuum electrodes, vacuum gauges and vacuum pumps. The 

designated vacuum system is used to study optically levitated nanoparticles in a vacuum 

environment. Two vacuum gauges have been used to measure pressure in the vacuum 

chamber on particles from atmospheric pressure to very low air pressure, i.e., a resistance 

gauge and an ionization gauge. The vacuum gate valve has a large opening hole, which 

facilitates nanoparticle loading into the chamber and capture by the trapping beam. We 

select spherical nano-silica particles as the research object for our experimental platform 

based on particle size, refractive index, and stability under a high vacuum. A high 

concentration stock solution of silica nanoparticles has been bought from Bangs lab. A 

micro-volume of the stock solution is then diluted into high-purity anhydrous ethanol by 

pipette. The silica nanoparticles are commercially hydro-soluble. The concentration used 

in most of our experiments is 2.4×107/ml. We use a Teflon thin tube of about 5mm 

diameter to carry the vaporized solution containing the nanoparticles from the nebulizer 

into the vacuum chamber near the focal point of the objective lens. 

We measure the particle’s CoM motion signal through the homodyne detection 

system as the nanoparticle traps. The balanced homodyne detection method is used to 

measure the motion signal, and the measurement principle of the signals of different 

eigenmotion directions of particles is analyzed in detail. In the radial direction, a D-shaped 

mirror is used to divide the cross-section of the outgoing beam into two equal parts. A 

detector is used to measure the difference signal of the two parts of the beam to obtain the 

radial eigenmotion signal of the particle. By rotating the D-shaped mirror’s angle, the 

motion signals of the particles in the x and y directions can be measured, respectively. In 

the axial direction, the beam is divided into two parts; one part enters the photodiode 

entirely while the other part enters partially into another photodiode of the same detector. 

Both detectors have a subtractor that subtracts the input optical power from each other and 

cancels out the part of the beam that doesn’t contain information about the particles’ 
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motion. An overview of data recording and analysis is explained with an example of x-

direction analysis. 
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Chapter 4: Rotational Optomechanics 

4.1 Introduction 

Controlling the rotational motion of a levitated particle has always been an attractive 

platform for researchers since Arthur Ashkin’s pioneering work [9]. A circularly polarized 

laser beam carries angular momentum, which causes an asymmetric particle to rotate 

continuously in an optical tweezer until the laser is turned off [71-73]. Nanoparticles 

generally have a low damping rate, which enables them to rotate at a very high speed 

exceeding MHz, now even can measure more than 6GHz [69, 70, 74]. The tensile strength of 

the particle limits these high frequencies rotation [75]. Optically levitated rotors are used in 

a wide range of diverse areas, such as microrheology, nanotechnology, biophysics, 

microfluidics, and chiral resolution. As the cooling techniques developed, optically 

levitated nano-rotors became an important tool for precise measurement and manipulation 

of mesoscopic particles. In most previous work, feedback cooling techniques are utilized 

to stabilize the CoM motion of particles. 

4.2 Optically levitated nanoparticles motion 

In an optically levitated nanoparticle’s system, the particle absorbs incoming photons 

from a circularly polarized laser beam. A circularly polarized beam contains angular 

momentum, which has an impact on a little asymmetric particle. The particle starts 

rotational movement as it absorbs photons from the circularly polarized trapping beam. In 

this case, the total torque received by the particle which drives the particle is denoted by 

M0. The particle is not entirely isolated from air molecules in a vacuum chamber and has 

little interaction with particles. This interaction damps the rotational motion of the particle, 

and a drag torque arises, denoted by Md. The rotational motion equation of particles due to 

the combined effect of driving and drag torques can be written as[74]: 

2𝜋𝐼
d𝑓𝑟

d𝑡
= 𝑀0 + 𝑀𝑑 

(4.1) 
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where 𝐼 ∝ 𝑚𝑅2 and denote nanoparticle’s moment of inertia, m is particle’s mass, R is the 

radius. In a particular air pressure, the drag torque Md is proportional to the rotational 

frequency of the nanoparticle and can be written as[76]: 

𝑀𝑑 = −2𝜋𝐼𝑓𝑟𝛾𝑑 (4.2) 

where, 𝛾𝑑 = 𝑝𝑅2/𝜂𝑚𝑣 gives us the rotational motion damping rate, η is the transmission 

efficiency of the angular momentum of the collision between air molecules and particles, v 

is the average speed of air molecules. Equation (4.2) shows that in the start, both the 

driving and drag torques depend upon each other; if driving torque increases similarly, the 

drag torques also increases. At a specific point, the torques balance each other, and the 

rotation frequency becomes constant. The rotation frequency of steady-state can be 

defined by: 

𝑓𝑟 =
1

2𝜋𝛾𝑑

𝑀0

𝐼
 

(4.3) 

Where fr represents the rotation frequency of the particle, in our experiments, the 

polarization of the trapping beam is circular, the total torque which drives the particle is 

proportional to trapping beam intensity. 𝑀0 ∝ 𝐼0 which indicates that rotation depends 

upon trapping the beam linearly. When the trapping laser power increases, consequently, 

the rotational frequency of the nanoparticle also increases.  

Furthermore, the chirality of the trapping beam plays a vital role in the particle's 

motion. Considering elliptical polarization of the trapping beam can be resolved into two 

components, circular and linear polarization. The asymmetric shape and birefringence of 

the particle align it with linear polarization, and the particles start torsional motion. 

Similarly, circular polarization is responsible for rotation. We can control the polarization 

of the trapping precisely using half and quarter-wave plates. 

4.3 Experimental observation of nanoparticle’s rotation 

4.3.1 Experimental setup 

A schematic diagram of an optically levitated nano-rotor and CoM motion detection 

system is depicted in Figure 4.1. We use a 1064 nm laser beam focused by a high NA 

objective lens in the gravity direction to trap an individual silica nanoparticle. The loading 
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process of silica nanoparticles is already explained in section (3.4.2). The 1064 nm 

trapping laser beam passes through AOM (acousto-optic modulator) to control the beam 

power and shift the frequency by a mount of 110 MHz. Before entering the vacuum 

chamber, the beam passes through a quarter and half-wave plate, respectively, to adjust the 

polarization. We use a high numerical aperture objective lens (NA=0.95) to focus the laser 

beam and trap a particle firmly. The power of the trapping laser beam is 300 mW before 

entering the chamber, while the effective power on the particle’s position is about 156 

mW. The loss of power is about 52% due to window and objective. The trapping beam 

diameter is about 3.2 mm, while at the focus point, it is about 1.1 µm.  

 

Figure 4.1: Schematic diagram of the optically levitated rotor and motion detection 

Another high-NA lens collimates the output light of the trapping beam (Thorlabs, 

C330TMD-C, NA = 0.68, WD = 1.8 mm), and that light is used to measure the motion of 

the particle. The torsional motion signal is measured with (Hamamatsu C12702-03), the 

gain of this detector is about 104 V/A with a bandwidth of DC-100MHz. Rotation is 

measured with a high-speed fiber detector (New Focus 1554-A), which has a flat gain 103 

V/A with a bandwidth of DC-12 GHz. The CoM motion is measured with the help of a 

balanced homodyne detection system. The beat signal detected from the nanoparticle is 

twice the actual motion signal. The reason is that nanoparticle acts like a polarization 
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modulator, and one rotation (2π) generates a (4π) modulation in trapping laser 

polarization. fr (rotation frequency) after modulation will become 2fr.  

4.3.2 CoM motion and torsional vibration measurement 

Translational motion is always associated with trapped nanoparticles in a potential 

well, i.e., CoM motion. Due to the vector diffraction of light, CoM motion contains three 

eigenfrequencies in three different directions. In this experiment, the eigenfrequencies 

measured in x,y and z directions due to linearly polarized trapping beam are fx= 163 kHz, 

fy= 205kHz and fz=74kHz, respectively. The given PSD of CoM motion is measured at 500 

Pa. 

 

Figure 4.2: PSD of all three dimensions and PSD of torsional motion. 

Torsional motion arises when the particles are not perfect spheres. The longest axis of 

the nanoparticle gets aligned along with the linear polarization due to the potential field [68, 

70, 77]. The frequency of torsional motion measured in our experiment is 350-400 kHz at a 

pressure of 500 Pa.  

We use nonlinear fitting for CoM motion traces at different pressures. The associated 

damping rate for all three dimensions can be denoted by γx, γy and γz. The damping rate of 

nanoparticles of our experiment is given in Figure 4.3. 
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Figure 4.3: Damping rate of x, y, and z. 

Once we have the damping rate of nanoparticles, we can use the damping rate 

formula from equation (2.12) to find out the size and mass of the nanoparticles. In our 

case, the measured length of particle in different directions are x = 186 nm, y = 159 nm 

and z = 159 nm. The length of all three sides is not equal, which clearly shows that the 

particle is not a perfect sphere. Now, we have all three sides of the nanoparticle, and now 

we can easily calculate the mass of the nanoparticle by using the density equation. The 

measured mass of the nanoparticle in our case is 𝑚 = 3.950 × 10−17𝑘𝑔. 

4.3.3 Rotational motion without feedback cooling system 

The experimental results are given in Figure 4.4. we observe the torsional motion and 

CoM motion of the nanoparticle at a pressure of about 500 Pa. Still, the rotation signal 

doesn’t appear until the pressure reaches 100 Pa or below. When the pressure is high 

inside the chamber, the particle has very low damping rate and the amplitude of CoM 

motion is bigger which hides the rotation signal and can’t be observed. Due to this reason, 

we can only observe the rotation signal at low pressure. The rotation and the CoM motion 

can influence each other, which leads to the coupling of the two motions. On the one hand, 

a large amplitude of the CoM motion causes a large change of the laser strength that the 

nanoparticle feels, and consequently induces a large fluctuation of the rotation frequency 

(the rotation frequency depends on the strength of the trapping laser). On the other hand, 

when rotation frequency is greater than CoM motion frequency and the fluctuation of the 

rotation frequency is greater than or equal to the CoM motion frequency, the energy of 

rotation can also be transferred to the CoM motion. Thus, the fluctuations of CoM and 

rotation motions are correlated. To measure the rotational motion, we change the 
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polarization of the trapping beam from linear to circular; after changing the polarization, 

torsional motion can’t be observed. Simultaneously, we reduce the pressure through the 

mechanical pump while keeping the beam power constant at 300 mW and recording the 

traces with different pressure. In the beginning, we used a resistance gauge for the 

measurement of pressure, but its range is from 105 to 5 × 10−2Pa. We use a hot cathode 

ionization gauge for further measurement, which is more trustable and gives us accurate 

results with a wide range from 0.2 Pa to 10-7 Pa. We have measured the beat signal of the 

nanoparticle’s rotation at a frequency of 9.793 GHz shown in Figure 4.4(A) without a 

feedback cooling system. This is the 2f frequency, and the actual rotational frequency is 

about 4.8965 GHz at 0.12 Pa.  

 

Figure 4.4: Measured rotational frequency of the nanoparticle and beat signal of the nanoparticle.  

We can see a slight mismatch in rotation frequency given in Figure 4.4(A). changing 

the pressure gauges cause this difference in traces of the measured frequency for the same 

particle. Figure 4.4(A). gives us a clear understanding of the relationship between pressure 

and rotation frequency. As we decrease the pressure, rotation frequency increases linearly 

and vice versa.  At some point under a high vacuum, the nanoparticle doesn’t follow the 

linear change in rotation frequency. The nanoparticle’s frequency becomes nonlinear with 

a steeper slope, and can be explained with nonlinear elastodynamics. It’s very easy to lose 

the particle in this region by reducing the pressure abruptly. The evacuation speed of the 

vacuum pump must be controlled with great care to achieve high rotation. But eventually, 

the nanoparticle is lost due to elastic nonlinearities. There is a limit in which the nonlinear 

rotation frequency reaches critical frequency. This case should be treated beyond 

nonlinear elastodynamics to determine the loss of nanoparticles from the optical trap[75]. 
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Figure 4.4(B). shows the beat signal of nanoparticle at pressure 1.2 × 10−2Pa, the peak is 

at frequency of 9.8 GHz. 

4.4 Conclusion 

We optically trap a single nanoparticle using a high numerical aperture objective lens 

from atmospheric pressure to high vacuum by employing an experimental setup in the 

gravity direction without using a feedback cooling system. When the trapping laser beam 

is linearly polarized, we measure the center-of-motion motion with a balanced detection 

system and measure the torsional motion of the nanoparticle with a photodetector 

(Hamamatsu C12702-03). Torsional vibration of nanoparticles in the high vacuum can be 

used in detecting the Casimir torque and ultra-sensitive torque detection[66, 77], and a step 

toward Cavendish torsion balance to study the quantum behavior of gravity [78, 79]. By 

changing the linear polarization of the trapping beam to circular polarization, we detected 

a very high-speed rotation frequency (4.8965 GHz) of the nanoparticle with a high-speed 

fiber detector (New Focus 1554-A). These high-speed rotors can be used for an exclusive 

study of material properties and vacuum friction [80-84]. 
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Chapter 5: Interference of the scattered light from two 

optically levitated nanoparticles 

5.1 Introduction  

Young’s double-slit experiment in physics is of great interest to understand the wave 

nature of light by observing the interference and diffraction like phenomena. It explains 

the wave-particle duality and has large-scale applications such as interferometry and 

precise measurement[85-88]. As the trapping technique for ions and atoms developed, the 

faint scattered light interference from ions and atoms also have been reported [89, 90]. In 

most of the previous studies, they considered the field with the same polarization (i.e., 

scalar fields). More recently, the coherence of vector light fields in classical and quantum 

regimes became the new focus [91-94]. The polarization is considered in the 

complementarity principle and the coherence theorem. Young’s double-slit interference 

irradiated by vector light fields has been realized and reported [89]. 

Optical levitation of micro and nano-particles by the radiation pressure of light field 

became an important platform for researchers since Ashkin’s groundbreaking experiments 

with optical tweezers [6, 8]. Nanoparticles levitated in a vacuum have a very high Q-factor 

[58, 95], which can be used to detect weak force, precise measurement and even fundamental 

physics studies [31, 37, 62, 65, 96-98]. To cool the centre-of-mass motion of laser trapped 

nanoparticles to its quantum ground state was challenging, and many techniques have been 

proposed, like parametric feedback cooling[40, 41, 99], speed feedback cooling[39], cavity-

assisting cooling [46], and electric feedback cooling [42-44]. The centre of mass motion of the 

trapped nanoparticles has been cooled to its quantum ground state recently[48, 100, 101]. 

Optical levitation of nanoparticles offers an environment to measure the Casimir force[66], 

torsional vibration of the nanoparticles [70, 77], and even to compute the GHz scale rotation 

of the particles, including the 6 GHz hyperfast rotation reported by our group [69, 70, 74, 77]. 

The optically levitated micro-and nano-particles system provides an environment free of 

particle-substrate interactions compared to those where the particles can interact with their 

surroundings [102, 103]. Our group recently published a paper about the experimental 

observation of dipole scattering from silica nanoparticles through an imaging system in the 
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Fourier space (k-space) and image space [104]. The dipole orientations of a single 3D 

molecule has been studied in detail by the polarization investigation of the emitted 

fluorescence [105-107], or aberrated [108], or by recording the defocused [102], or k-space [109-

112]. In single-molecule imaging, the excitation laser illuminates the molecule confocally 

along the optical axis. 

We experimentally examine the imaging and interference of the scattered vector light 

fields from two optically levitated nanoparticles in a single potential well. The system 

presented here has a few significant characteristics compared to those other systems where 

the particles-substrate interaction can’t be ignored and has a notable influence on the 

scattered light. The environment is free of particle-substrate interactions in our system. In 

contrast, the excitation laser beam is being illuminated orthogonally to the optical axis of 

the objective lens. It has a dark background with a high signal-noise ratio while observing 

the dipole scattering. 

Further on, when the optical axis of the objective lens and dipole orientation of 

nanoparticles align, the scattered vector light fields or polarization vortex can be produced. 

Two silica nanoparticles are trapped by two 1064 nm firmly focused laser beams having 

linear polarizations while the frequencies are different. Then we bring one beam through 

the motor-driving mirror near the second one to overlap and shift both the particles to a 

single potential well. Another 532 nm laser beam is used to illuminate the particles 

orthogonally. The scattered light of the nanoparticles is collected by the same objective 

and imaged on a high-resolution CCD. We observe the scattered light interference in 

image and Fourier space. This system can precisely determine the separation distance 

between the particles in a single potential well or separate potential wells. 

Figure 5.1 shows the theoretical simulation of two nanoparticles in a single trapping 

laser beam. We have used a secondary 532 nm linearly polarized illuminating laser beam 

on the nanoparticles along the y-axis (perpendicular to the trapping beam). The 

wavelength of illuminating light is much larger than the size of nanoparticles, and particles 

can be regarded as dipoles. 
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5.2 Theoretical explanation  

 

Figure 5.1. The schematic diagram of an imaging system and dipole scattering. (B) The diagram of an 

imaging system and trapping beam. The system can measure the dipole scattering in Fourier space with 

a 4f imaging system and image space. In (A), fig (b1), (b2), (b5) and (b6) represents the theoretical 

calculation for the intensity and polarization distribution of two nanoparticles in the image and Fourier 

space, while the excitation laser is along the x-axis. (b3) and (b4) image and Fourier space of two 

nanoparticles with the polarization of illuminating light along the z-axis. OBJ: objective lens; DBS: 

dichroic beam splitter. 

Let's suppose a single particle in rectangular coordinates; the excitation laser induces 

dipole orientation. It can be denoted by (β (polar angle with respect to the z-axis), γ 

(azimuth angle in xy-plane with respect to the x-axis). Similarly, we can represent the 

scattering field vectors by (θ, φ). The Fourier space (k-space) distribution of the scattering 

light which is the intensity distribution in the back aperture plane of the objective lens, can 

be written as[104, 109]: 

𝐼𝐹(𝜃, 𝜑; 𝛽, 𝛾) ∝
1

𝑐𝑜𝑠𝜃
(|𝑞. 𝑒𝑝|

2
+ |𝑞. 𝑒𝑠|2) 

(5.1) 

Where q represents the dipole orientation unit vector, i.e., q = (sinβ cosγ, sinβ sinγ, cosβ), 

the unit vector ep and es are orthogonal to each other. At the same time, both of them are 

perpendicular to the wave vector of the scattering field, defined as ep = (cosθ cosφ, cosθ 

sinφ, sinθ), es = (sinφ, −cosφ,0). The NA of the objective lens can determine the range of 

angle θ. In Fourier space, the polarization direction of the scattered light field can be 
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written as p = (q·ep cosφ +q·es sinφ,q·ep sinφ −q·es cosφ), this spatial-dependent 

corresponds to the vector light field. 

Here we will discuss two nanoparticles scattered light interference. let’s consider the 

particles are line up along x-axis, i.e., x1 = −0.13λ, x2 =0.13λ, as presented in Figure 5.1. 

The intensity distribution has been calculated from two dipoles in Fourier space. The 

intensity distribution interference of two linearly polarized light fields can be written as: 

𝐼𝑡
𝐹(𝑥𝐹 , 𝑦𝐹) = 𝐼1

𝐹 + 𝐼2
𝐹 + 2√𝐼1

𝐹𝐼2
𝐹𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜗 

(5.2) 

Where δ and 𝜗 in Fourier space are spatial dependent. δ =𝑘 [√𝑟1
2 + 𝑓2 + √𝑟2

2 + 𝑓2] are 

the phase difference and 𝑐𝑜𝑠𝜗 = 𝑝1. 𝑝2/|𝑝1||𝑝2| is the intersection angle of polarization 

between the two light fields at a specific point, f is the focal length of the objective lens. 

The intensity distribution in image space of the scattered light can be defined by the z 

component of the Poynting vector[102, 113]: 

𝐼𝐼 =
𝑐

8𝜋
𝑒𝑧 . (𝐄 × 𝐁) (5.3) 

the electric field E and the magnetic field B are defined as: 

𝐄 = ∬ 𝑚√
𝑐𝑜𝑠𝜃′

𝑐𝑜𝑠𝜃
[𝐞𝑝

′ (𝐩. 𝐞𝑝) + 𝐞𝑠(𝐩. 𝐞𝑠)]𝑒𝑖𝑘′.𝑟′
𝑑𝛺 

𝐁 = ∬ 𝑚√
𝑐𝑜𝑠𝜃′

𝑐𝑜𝑠𝜃
[𝐞𝑠(𝐩. 𝐞𝑝) − 𝐞𝑝

′ (𝐩. 𝐞𝑠)]𝑒𝑖𝑘′.𝑟′
𝑑𝛺 

 

 

(5.4) 

where 𝑑𝛺 = 𝑠𝑖𝑛𝜃′𝑑𝜃′𝑑𝜑, 𝐤′ and 𝐫′  are the wave vector and the position vector of the 

target point in image space, respectively. 𝜃′ is the intersection angle between 𝐤′ and z-

axis. The relationship between 𝜃 and 𝜃′  is given by Abbe’s sine condition, 𝑠𝑖𝑛𝜃 =

m𝑠𝑖𝑛𝜃′, M is the magnification of the imaging system. The wave vector 𝐤′ and unit vector 

𝐞𝑝
′  can be defined as 𝐤′ = 2𝜋

𝜆⁄ (−𝑠𝑖𝑛𝜃′𝑐𝑜𝑠𝜑, 𝑠𝑖𝑛𝜃′𝑠𝑖𝑛𝜑, −𝑐𝑜𝑠𝜃′) and 𝐞𝑝
′ =

(𝑐𝑜𝑠𝜃′𝑐𝑜𝑠𝜑, 𝑐𝑜𝑠𝜃′𝑠𝑖𝑛𝜑, −𝑠𝑖𝑛𝜃′) , respectively. We can theoretically calculate the 

intensity and polarization distributions of scattered light of a single nanoparticle in the 

image and Fourier space according to Eq. (5.2) and (5.1), respectively.  

We can calculate the interference distribution obtained from Eq. (5.4) in the image 

space. The complex amplitude form of the electric field in the image space (x,y) can be 

written as: 
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𝐄𝑗(𝑥, 𝑦) =
1

𝑟𝑗
𝐩𝑗𝑒𝑖𝑘𝑟𝑗  

(5.5) 

where 𝑟𝑗 is the distance between the field (x,y) and the position of the nanoparticle in the 

image space. The polarization of the scattered light fields 𝐩𝑗 = (𝑝𝑥𝑗, 𝑝𝑦𝑗) can be resolved 

into x and y components. Thus the superposition of the two light fields in the image space 

(x,y) can be written as: 

𝐸𝑥 =
1

𝑟1
𝑝𝑥1𝑒𝑖𝑘𝑟1 +

1

𝑟2
𝑝𝑥2𝑒𝑖𝑘𝑟2 

𝐸𝑦 =
1

𝑟1
𝑝𝑦1𝑒𝑖𝑘𝑟1 +

1

𝑟2
𝑝𝑦2𝑒𝑖𝑘𝑟2 

 

(5.6) 

The polarization of illuminating light will be considered for three cases along the x- 

and z-axis. Case 1: (β, γ) = (0,0), in this case, the linearly polarized illuminating light is 

along the x-axis, and the two nanoparticles are trapped in the y-axis of the trapping beam. 

The scattered light intensity and polarization distribution are given in Fig. 5.1(A). In the 

image space, the intensity distribution represents an elliptical geometric shape Fig. 

5.1(A(b1)), and its corresponding Fourier transform is also shown in Fig. 5.1(A(b2)). Case 

2: (β, γ) = (π/2, 0), in this case, the linearly polarized illuminating beam has been rotated 

by π/2 radians, and the polarization is along the z-axis while particles are in the y-axis of 

the trapping beam. The scattered light intensity distribution has been changed into a donut 

hole in the image space Fig. 5.1(A(b3)) and in Fourier space as well Fig. 5.1(A(b4)). Case 

3: (β, γ) = (0,0), now, in this case, the trapping beam has been rotated, and the particles are 

in the x-axis of the trapping beam. The illuminating light hits both the particles, and the 

intensity and polarization distribution of two dipoles can be observed in image and Fourier 

space. Both the particles have a minimal distance in between and can be regarded as two 

dipole nano-antennas with the same phase; in Fourier space images, we can observe a dark 

dull separation in the middle. 

5.3 Experiment 

The schematic design of our experimental setup is shown in Fig. 5.2. In the 

beginning, we have used two 1064 nm linearly polarized laser beams generated by (20W, 
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CW, DPSS FG-VIB) laser having 𝑇𝐸𝑀00 Gaussian mode in the gravity direction to 

optically trapped two silica nanoparticles in each potential well. We have used an AOM to 

shift the frequency of one beam by a mount of 110 MHz. The shifted and un-shifted laser 

beams are combined through PBS and then pass through the quarter and half-wave plates.  

 

FIG. 5.2. Schematic diagram of our experimental setup. Two trapping beams with a different frequency 

are tightly focused by a high NA objective lens (NA=0.95) to trap two nanoparticles and then make 

them together by bringing one beam near another. Another 532 nm laser beam illuminates the 

nanoparticles perpendicularly, while the same objective collects the scattered light and imaged it on a 

CCD. The trapping beam output light can be used to detect the motion of particles. DBS: dichroic beam 

splitter; PBS: polarizing beam splitter; AOM: acousto-optic modulator; λ/2: half-wave plate. 

We have kept the power of both trapping beams of about 245 mW. The trapping 

beams are propagating on the z-axis. The polarization of the trapping beams can be 

adjusted according to the experimental requirements. An objective lens tightly focuses the 

vertically propagating trapping beams with a high numerical aperture (NA= 0.95) in the 

vacuum chamber. The working distance of the objective is 0.3 mm. We use another high 

NA aspheric lens (NA= 0.68) to collect the trapping beam's output light to detect the CoM 
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motion signal of nanoparticles with a balanced detection system. One beam is precisely 

controlled by Pico-motor (New focus) to move the beam to any desired location within the 

objective plan. The distance between the two potential wells in the axial can be adjusted 

by changing the position of the trapping beam. In our experiment, we have used the 

commercial silica nanoparticles of diameter 177 nm whose dispersion is low enough. The 

silica nanoparticles are hydrosoluble, which are first dissolved in very pure ethanol at a 

concentration of about 1.2x1010/ml and then sonicated for at least 30 minutes. The diluted 

nanoparticles are then poured manually into an ultrasonic nebulizer. The liquid which 

contains the droplets of nanoparticles is then dispersed with the help of a nebulizer and 

directed by a thin and long narrow tube into the focus region of the objective in the 

chamber. At the start, we keep the distance between the two potential wells to about 4µm 

for trapping two single nanoparticles. When a single potential well traps a nanoparticle, we 

decrease the pouring speed to avoid losing the trapped particle due to air flow. Once the 

two single nanoparticles get trapped in two potentials individually, then we stop the 

pouring and close the chamber. We use the motor driving mirror to bring one particle 

closer to another. As the two potential wells overlap and both the particles shift to one 

potential well, we block the other beam, and two nanoparticles get trapped in a single 

potential well. 

Another 532 nm linearly polarized laser beam passes through a half-wave plate and is 

then focused by a spherical lens (f=175 mm) to illuminate the two optically trapped 

nanoparticles. We can adjust the direction of linear polarization through a half-wave plate. 

The propagating direction of illuminating laser is along the y-axis, which is orthogonal to 

the direction (z-axis) of the trapping laser. The illuminating laser beam waist is about 50 

µm at the position of nanoparticles, which is larger than the separation and displacement 

between the two trapped nanoparticles. We have kept the power of illuminating beam 

about 100 µW, which has negligible influence on the nanoparticle’s motion and can be 

neglected. The nanoparticles sizes are tiny compared to the wavelength of illuminating 

laser beam; therefore, we can treat the two nanoparticles as two dipoles. The same 

objective lens collects the scattered light from two nanoparticles, then reflected by a 

dichroic mirror (532 HR and 1064 AR) and imaged on a CCD camera (Andor Zyla 
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eCMOS). We measure the scattered light in image space and Fourier space with the help 

of a 4f imaging system. 

5.4 Results and discussion 

This article focuses on the scattered light interference from two nanoparticles trapped 

in a single potential well. Our group previously studied the intensity and polarization 

distribution in detail[104]. We have observed the scattered light interference from two 

nanoparticles in image and Fourier space. In the first case, we have observed the 

interference of scattered light when the input linear polarization of illuminating light has 

different directions, as shown in Fig.5.3. The illuminating light propagating in the y-

direction and the two nanoparticles are also trapped in the y-axis of the trapping beam. 

The two nanoparticles behave like a single particle in Fig. 5.3 (a2) -(g2). The linear 

polarization of the illuminating light is along the x-axis perpendicular to the optical axis of 

the objective. The illuminating light only hits and single particle and behaves like a single 

dipole. Now, when we rotate the polarization of illuminating light in xz-plane anti-

clockwise, every π/6 radian and the scattered light images are recorded in Fourier space 

(Fig. 5.3(a3) -(g3)) and image space (Fig. 5.3(a2) -(g2)). When the dipole orientation gets 

adjusted along the z-axis, the intensity distribution presents a pattern like donut hole for 

the scattered light and displays a vector light with radial polarization. In the second case, 

we rotate the tapping beam, and the nanoparticles rotate in the optical axis. In this case, the 

nanoparticles are in the x-axis of the trapping beam, and the illuminating beam propagates 

along the y-axis, which hits both the particles and we can observe the two dipoles 

scattered light in image space Fig. 5.3(a5) -(g5) and in Fourier space Fig. 5.3(a6) -(g6) 

respectively. We can see the separation distance between the two nanoparticles, like two 

dipoles nano-antennas with the same phase, and we can observe a dark dull separation 

(marked in brown dashed lines). When the illuminating light is rotated in the xz-plane, and 

linear polarization becomes aligned along the z-axis, the intensity distribution shows two 

donut holes overlapping. Fourier space also presents a donut like structure (empty in the 

middle) overlapping the dark dull separation. 
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FIG. 5.3. The images of two particles scattered light interference with respect to linear polarization of 

illuminating laser in image and Fourier space. (a1) -(g1) and (a4) -(g4) represents the illuminating beam 

polarization. (a2) -(g2) are image space results for one case, and (a3) -(g3) are their Fourier space 

results. (a5) -(g5) are 2nd case image space results, and (a6) -(g6) are their Fourier space results. The 

trapping beam polarization is along y-axis for (a2) -(g2) and (a3) -(g3) while for (a5) -(g5) and (a6) -

(g6) it has been kept in the x-axis. 

In Fig.5.4, the interference of scattered light from two nanoparticles has been 

observed in image space and Fourier space by keeping the linearly polarized illuminating 

light at a specific direction and rotating the trapping beam counter-clockwise in the xy-

plane. In the first case, the linearly polarized illuminating beam is aligned along the x-axis 

perpendicular to the optical axis of the objective while propagating in the y-direction. The 
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two nanoparticles are trapped in the y-axis of the trapping beam, and only the single 

particle gets exposed to the illuminating beam.  

 

Figure 5.4. The scattered light interference images for different directions of the linearly polarized 

trapping beam and illuminating light in Fourier and image space. In (a1) -(j1), the linearly polarized 

illuminating light is along the x-axis, and the trapping beam has been rotated 2π (a2) -(j2) are their 

corresponding Fourier images. In (a3) -(j3), the illuminating beam is along the z-axis, and (a4) -(j4) are 

the corresponding Fourier space images. The linearly polarized illuminating beam polarization is along 

x-axis for (a1) -(j1) and (a2) -(j2) while for (a3) -(j3) and (a4) -(j4) it has been kept in the z-axis. 

Now, we rotate the tapping beam every 2π/9 radian; we rotate the angle by this rate to 

cover the whole 2π circle and it’s hard to include each angle in the thesis while the results 

have been recorded in image space Fig. 5.4(a1) -(j1) and Fourier space Fig. 5.4(a2) -(j2). 

We can observe the distance between the two nanoparticles in image space while rotating 

the trapping beam and a dark dull separation in the middle of Fourier space images. In the 

second case, we adjust the linearly polarized illuminating beam along the z-axis while 

propagating in the y-direction. Now, we rotate the tapping beam every 2π/9 radian; the 

results have been recorded in image space Fig. 5.4(a3) -(j3) and Fourier space Fig.5.4(a4) 

-(j4). 

Note: Note: the scattered light in the forward direction is stronger than the backward 

direction in our experiment, clearly visible in figure 5.3 and figure 5.4. 
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5.5 Summary 

We have observed the interference of two scattered vector light fields for different 

polarization of the illuminating light and trapping beam. The two nanoparticles are 

optically levitated in a single potential well with a separation distance of about 0.26 λ. The 

system presented here have a few distinguishing features like free of particle-substrate 

interactions and have a dark background with a high signal-noise ratio while observing the 

dipole scattering. Further on, when the optical axis of the objective lens and dipole 

orientation of nanoparticles align, the scattered vector light fields or polarization vortex 

can be produced. It can be used as two dipole nano-antennas with the same phase. 

Furthermore, the diffraction of optical elements causes the Rayleigh diffraction rings, 

which were also detected. This system can be used to study the dynamical properties, 

scattering anisotropy, near-field optics, optical trapping and imaging.  
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