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Abstract: As a versatile tool for trapping and manipulating neutral particles, optical tweezers have been studied in a broad range of
fields such as molecular biology, nanotechnology, and experimentally physics since Arthur Ashkin pioneered the field in the early
1970s. By levitating the “sensor” with a laser beam instead of adhering it to solid components, excellent environmental decoupling
is achieved. Furthermore, unlike levitating particles in liquid or air, optical tweezers operating in vacuum are isolated from en-
vironmental thermal noise, thus eliminating the primary source of dissipation present for most inertial sensors. This attracted great
attention in both fundamental and applied physics. In this paper we review the history and the basic concepts of optical tweezers in

vacuum and provide an overall understanding of the field.
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1 Introduction

Radiation pressure is a direct demonstration of
the momentum carried by electromagnetic waves. It
was first proposed in 1619 by Johannes Kepler that
light radiated from the Sun could explain the phe-
nomenon that a comet’s tail always points away from
the Sun (Kepler, 1619).

In 1862, Maxwell worked out the mathematical
framework of electricity and magnetism, suggesting
that electromagnetic radiation has momentum, which
was then proved experimentally by Russian physicist
Pyotr Lebedev (Lebedev et al., 1901) and by Nichols
and Hull (1903) separately at the dawn of the 20"
century. The invention of the laser by Townes in 1960
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provided a critical technology for optical trapping and
manipulation (Townes, 1999).

Ashkin has been considered as the father of op-
tical tweezers. In 1970, using a focused beam, Ashkin
managed to control the dynamics of low-absorption
silica particles (Ashkin, 1970). In this work, he iden-
tified two components of radiation force: a scattering
force along the axis of the laser and a gradient force
along the direction of the laser intensity gradient. It
was also predicted that this mechanism applies for
neutral atom trapping. One year later, Ashkin suc-
cessfully trapped 20-um glass spheres in air and
vacuum at pressures around ~1 Torr (1 Torr=133.322
Pa) (Ashkin and Dziedzic, 1971) and indicated that if
the viscous damping can be further reduced, namely
trapping particles in a high vacuum environment,
extremely low dissipation is possible and the meas-
urement sensitivity would have great potential for
improvement. Ashkin and his colleagues reported
trapping of oil droplets in vacuum down to ~10® Torr
in 1975 (Ashkin and Dziedzic, 1976). This is the first
setup of an optical trap in a high vacuum environment.
In 1986, Ashkin reported a technique for trapping
micron-scale dielectric particles using a single tightly
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focused laser beam, a technology which is now
commonly referred to as “optical tweezers” (Ashkin
etal., 1986).

Since the early 1990s, optical trapping and ma-
nipulation have been widely studied in biological
sciences, starting by trapping an individual tobacco
mosaic virus (Ashkin et al., 1990). After that, many
groups began to use optical force spectroscopy to
characterize the mechanical properties of biomole-
cules and biological motors (Ashkin et al., 1990;
Block et al., 1990; Bustamante et al., 1994). Optical
tweezers allowed biophysicists to observe the forces
and dynamics at the single molecule level, leading to
a greater understanding of biochemical processes. In
2018, the Nobel Prize in Physics was awarded “for
groundbreaking inventions in the field of laser
physics” with one half to Ashkin “for the optical
tweezers and their application to biological systems”
(https://www.nobelprize.org/prizes/physics/2018/pre
ss-release/).

Remarkable progress in trapping micro-scale
and nanoscale spheres at high vacuum pressures was
achieved by Li and Novotny, respectively. In 2010, Li
et al. reported the measurement of the instantaneous
velocity of a Brownian particle with counter propa-
gating dual-beam optical tweezers (Li et al., 2010,
2011). Gieseler et al. (2012) managed to cool its three
spatial degrees of freedom by means of an active
parametric feedback scheme and reported an optically
trapped nanoparticle in high vacuum. These works
indicated that, as a system couples optical field and
mechanical oscillator, optical trapped particles in
vacuum could be an ideal candidate for precision
measurement, pushing the frontiers of sensitivity in
an accelerometer (Monteiro et al., 2017), a force
sensor (Ranjit et al., 2016), and so on (Moore et al.,
2014; Hoang et al., 2016). In addition, it paves the
way for generating a macroscopic quantum state
when the particles are cooled to the quantum ground
state (Park and Wang, 2009; Rocheleau et al., 2010;
Chan et al., 2011; Teufel et al., 2011). The creation of
“Schrodinger cats,” quantum superposition of mac-
roscopic observables, and the study of their destruc-
tion by decoherence, are especially fascinating be-
cause they might provide a better understanding of the
transition from the classical to the quantum world.
Since then, optical trapping in vacuum has received
significant attention and achieved rapid technological

development. An increasing number of groups are
involved in this intriguing field.

In recent years, there have been many reviews
concerning optical tweezers. A comprehensive in-
troduction for optical force calculation or simulation
in optical tweezers has been published (Nieminen et
al.,2014; Bui et al., 2017; Sukhov and Dogariu, 2017;
Polimeno et al., 2018), as well as reviews focusing on
experiments and applications. Ciminelli et al. (2017)
reviewed the state-of-the-art of nanotweezers pro-
posed for trapping at the sub-micrometer nanoscale,
especially the performance obtained with photonic
and plasmonic nanotweezers. Gong et al. (2018) in-
troduced the principles, technical details, and appli-
cations of optical trapping and manipulation of single
particles in air. The most recent review by Gouesbet
(2019) gave an overall understanding of generalized
Lorenz-Mie theories and mechanical effects of laser
light. This review focuses on the optical trapping of
particles in vacuum, especially of those studies that
concentrate on precision measurement. We start from
the fundamental concepts of optical trapping, cooling,
and detection. More detailed theoretical consideration
could be found in Ashkin (2000), Grier (2003),
Dienerowitz et al. (2008), Juan et al. (2011), and
Marago et al. (2013). In Section 3, the experimental
system will be briefly introduced. Section 4 highlights
several applications for this system.

2 Principle of optical trapping in vacuum
2.1 Optical trapping

Optical trapping is a consequence of radiation
force which originates from the conservation of elec-
tromagnetic momentum. Through the exchange of
momentum between light and particles, we may un-
derstand the forces that enable the stable confinement
and manipulation of particles within optical traps. As
Ashkin (1970) first illustrated in a seminal paper with
an intuitive “back of the envelope” calculation, the
acceleration experienced by a particle (1-um fused
silica) when interacted with a laser beam (1 W, fo-
cused to 1 um) could be up to 10%. It suggested that
the focused laser beam can be used to overcome the
effect of Earth’s gravity on particles. Since then more
detailed theoretical work on radiation force calcula-
tion was accomplished (Bohren and Huffman, 1983;


https://www.nobelprize.org/prizes/physics/2018/ashkin/facts/

Li et al. / Front Inform Technol Electron Eng 2019 20(5):655-673 657

Ashkin et al., 1986; Neuman and Block, 2004; Juan et
al., 2011). In this review we are going to briefly in-
troduce the calculation methods. Readers may refer to
the references mentioned above for more details.

As is known to all, light exerted a “scattering
force” in the direction of beam propagation (the axial
direction) and a “gradient force” towards the center of
the beam (radial direction), where the light intensity is
highest. There are mainly three kinds of frequently
used approaches for computing radiation force de-
pending on the size of the particle: geometrical optics,
Rayleigh approximation, and the intermediate regime.
The geometrical optics theory can fully agree with
experiments only with a range of particle size greater
than 10 times wavelength. Rayleigh approximation
maintains validity only within the size range smaller
than one tenth of a wavelength. As for the particles
whose sizes fall within the intermediate scale (usually
0.146<r<102, where 1y is the wavelength), the in-
termediate regime has to be used, including general-
ized Lorenz-Mie theory (GLMT), extended boundary
condition method (EBCM), discrete dipole approxi-
mation (DDA), and numerical calculation methods
that fall into two groups: finite element methods
(FEM), finite difference methods such as finite dif-
ference time-domain method (FDTD) and finite dif-
ference frequency-domain method (FDFD) (Bui et al.,
2017).

Although the intermediate regime works rela-
tively poorly with memory and time outside the range
of the intermediate scale compared with geometrical
optics and Rayleigh approximation, it does offer
enough accuracy over the whole scale. GLMT,
EBCM, and DDA are all methods of calculating the
T-matrix of the particle (Gouesbet, 2010; Gouesbet
and Lock, 2015). The point-matching method is an-
other way of calculating the T-matrix and is widely
adopted in study of optical tweezers (Loke et al., 2001;
Nieminen et al., 2003a). GLMT is too complex when
the particle is not a uniform isotropic sphere. EBCM
and DDA are more feasible ways in that case. EBCM
supports a larger size of particle than DDA while
losing its advantage in particle structure complexity.
EBCM has been standardized so much for T-matrix
nowadays that some just regard it as the T-matrix
method. That is a wrong and discredited notion
(Gouesbet, 2010). Once the T-matrix has been at-
tained, it can be repeatedly used in calculation for

different conditions of illumination by monochro-
matic light (Gouesbet and Gréhan, 2017). Those
conditions are widely present in particle movement
modeling of optical tweezers. The entire calculation
must be restarted in numerical calculation methods.
Thus, they are more suitable for static analysis in
quite complex particle structures rather than dynamic
modeling. In Table 1, we list all three kinds of regimes.
We then outline the principles.

Table 1 Three kinds of regimes used for computing
radiation force

Particle size Regime Reference
po10,  Ocometrical o in (1992)
optics
Rayleigh ap- Harada and Asakura
r=1/104 proximation  (1996)
GLMT (Ren et al., 1996)
EBCM (Waterman, 1965,
. 1971)
1/102<r Inte@edlate DDA (Nieminen et al.,
<104 regime

2001; Mackowski, 2002)
FEM (White, 2000)
FDTD (Gauthier, 2005)

2.1.1 Geometrical/Ray optics regime

This intuitive and simple approach has been
proven to be successful, for example, in demonstrat-
ing radiation forces acting on cells (Chang et al.,
2006), the deformation of microscopic bubbles in an
optical field (Skelton et al., 2012), the optical lift
effect (Swartzlander et al., 2010), and the emergence
of negative optical forces (Kajorndejnukul et al.,
2013). Incident rays are split into the reflected and
transmitted rays on the surface of the particle, and the
direction difference between them entails a change of
momentum according to the action-reaction law. Ray
optics traces the optical rays in the particle and sums
the change of momentum up to compute the forces
acting on the particle. The surface reflection depends
on the relative refractive index of the particle and the
medium, and it is closely related to the scattering
force. Thus, it is more difficult to trap particles in air
than in water (Wright et al., 1994). A complete
MATLAB software package, Optical Tweezers in
Geometrical Optics (OTGO), has been developed by
Callegari et al. (2015), to perform the calculation of
optical forces and torques within the geometrical
optics approach.
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2.1.2 Rayleigh regime

Rayleigh approximation has been extensively
employed for the calculation of radiation force ex-
erted on nanoparticles. Rayleigh approximation treats
a nanoparticle as a dipole and derives analytical so-
lutions. The scattering force and gradient force of a
laser beam on a nanosphere are given by Harada and
Asakura (1996):
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where Z is the unit vector on the z axis and is also the
direction of beam propagation. ¢ is the speed of the
laser light in vacuum and 4 is the wavelength of the
laser in vacuum. R is the radius of the nanosphere. m
is the relative refractive index of the particle and the
medium. 7,4 18 the refractive index of the medium.
Lastly, I(r) means the light intensity at the coordinate
r. The scattering force is proportional to R® while the
gradient force is proportional to R®. Therefore, trap-
ping larger particles turns out to be more difficult
because the scattering force increases much faster
than the gradient force as the size of the nanosphere
increases (Li et al., 2011). In experiment, particles
with radius up to 170 nm can be trapped in a single
tightly focused beam configuration (Ahn et al., 2018).

2.1.3 Intermediate regime

Only GLMT is given as an example here since it
is relatively convenient to understand in various
methods of the intermediate regime. Bromwich scalar
potentials Uty and Urg are originally used in GLMT
to express the incident, the scattered, and the internal
(or sphere) waves. TM means transverse magnetic
and transverse electric is abbreviated to TE. For in-
stance, according to Gouesbet et al. (1988), the
Bromwich scalar potentials for the incident wave read
as
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in which the superscript “i”” designates “incident.” £
is associated with electric field amplitude and £ is the

wave-number. g,y and g,z are the beam shape

coefficients. ,(kr) belongs to spherical Bessel func-
tions. The other parts of Eq. (2) are fixed functions of
their superscript, subscript, and variables in brackets.
Results in the above scalar framework can be con-
verted to a vectoral version in terms of regular vector
spherical wave functions (regular VSWFs) to obtain
T-matrix from GLMT. The incident and scattered
fields are written as linear combinations of regular
VSWFs (Nieminen et al., 2003b):

Eincident (r) = Z Z anngMnm (kr) + bnngNnm (kr)’

n=l m=-n

Escattered (r) = Z Z pnngMnm (kr) + qnngNnm (kr)’

n=l m=-n
3

where RgM,,,(kr) and RgN,,,(kr) are regular VSWFs
and they are a complete set of solutions to the vector
Helmbholtz equation. a,, and b, are expansion coef-
ficients of the incident field. p,,, and g,,, are expan-
sion coefficients of the scattered field. a,,, and b,,, can
be written as a vector noted as A. Vector P is noted for
Pum and g, Their relationship can be expressed in
matrix form as

P=TA, 4)

where T is exactly the T-matrix. If the electromag-
netic properties of the particle are linear and isotro-
pous, the T-matrix depends only on the particle itself
(its composition, size, shape, and orientation) and is
independent of the incident field. That testifies to the
reuse of the T-matrix for different conditions of illu-
mination by monochromatic light as mentioned above.
There is a computational toolbox developed by
Nieminen et al. (2007) adopting the EBCM and point-
matching method to obtain numerical results of the
optical forces.

2.2 Optical cooling

Ashkin demonstrated that a laser beam can be a
powerful tool for trapping and manipulating dielectric
particles, and for feedback cooling (Ashkin and
Dziedzic, 1977). Hénsch and Schawlow (1975) and
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Wineland and Dehmelt (1975) first pointed out the
possibility of using it for neutral atom cooling. Sub-
sequently, cold atoms were experimentally realized
by Chu et al. (1985); since then laser cooling became
an extraordinary technique, enabling many applica-
tions including the atomic clock (Ludlow et al., 2015),
Bose-Einstein condensation (BEC) realization (Davis
et al.,, 1995), and quantum precision measurement
(Peters et al., 2001; Appel et al., 2009).

When trying to trap a dielectric particle in high
vacuum, optical cooling of center-of-mass (COM)
motion turns out to be an essential and critical process.
For micro- and nanoscale particles, radiation pressure
plays a vital role in cooling by dissipating the kinetic
energy (Braginskii and Manukin, 1967; Braginskii et
al., 1970). The first experimental demonstration of
this proposal was achieved by Cohadon et al. (1999),
where they cooled the vibrational modes of a mac-
roscopic end mirror. Now feedback cooling of parti-
cles is a quite mature technique, which will be out-
lined in the following. It should be emphasized that
laser cooling neutral atoms is different from laser
cooling dielectric particles. Unlike using atomic in-
ternal degrees of freedom (Lett et al., 1988), cooling
dielectric particles in optical tweezers deals with
external degrees of freedom.

The harmonic oscillator model is typically used
to characterize the dynamic properties of the trapped
particle in air. Therefore, the power spectral density
(PSD) of COM displacement of the particle has a
Lorentzian curve (Kirstine and Henrik, 2004):
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where fo(w) is the normalized Lorentzian function. 77
indicates the damping coefficient in air. Q=(k/m)1/2 is
the free oscillation angular frequency, in which & is
the stiffness of the optical tweezers and M is the mass.
kg 1s the Boltzmann constant and T is the environ-
mental temperature. The linearized incompressible
time-dependent Navier-Stokes equation can describe
the motion of particles trapped in liquid. This is sim-
ilar to the harmonic oscillator model (Clercx and
Schram, 1992). According to the Wiener-Khinchin
theorem (Cohen, 1998), the root mean square (RMS)

of the displacement and velocity of the particle COM
are

J<i¥ > :JE:SX(w)df = Jk Tk,
Vv > = [T oSs (@)df =k, T /M.

Thus, the average kinetic energy of the particle is
<MV*/2>=kgT/2, which exactly agrees with the equi-
partition theorem.

The damping coefficient decreases, and thus the
quality factor Q (Q=[/Q2) increases, as air pressure
drops. This means the motion of the COM of the
particle becomes closer to simple ideal harmonic
motion. As shown in Eq. (6), <x*> depends only on T
and k, so it does not change with air pressure. The
consequence is that at low air pressure the oscillation
will be magnified at the angular frequency, while
motion at other frequency bands will be compressed.
This is of great significance for the application of
optical tweezers in low-frequency precision meas-
urement. On the other hand, the influence of external
noise caused by Brownian motion is largely elimi-
nated in vacuum, giving rise to high measurement
accuracy far exceeding conventional means. However,
intensified Brownian motion and a laser heating effect
at extremely low pressure would reduce the survival
time of the particle so much that it usually escapes in
several seconds or even shorter time without an ad-
ditional strategy. Therefore, the displacement RMS of
the particle must be effectively suppressed, which is
commonly referred to as COM cooling. Generally
speaking, COM cooling could be understood as a
procedure of damping the motion with radiation
pressure. Several commonly used cooling methods in
vacuum optical tweezers system will be introduced in
Section 3.3.

The PSD of particle displacement in the low
frequency range decreases only when air pressure
drops, demonstrated by the red line and green line in
Fig. 1. Particles under green line conditions are more
likely to escape due to lack of cooling in a low-
pressure environment as mentioned in the previous
paragraph.

Although the laser can be used for cooling the
particles (COM motion cooling), it also brings heat-
ing mechanisms since intense laser light is tightly
focused to intensities of MW/cm® in order to apply

(6)
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forces to a submicron particle. Even though it is
essential to choose material which is almost “trans-
parent” (extremely low absorption efficiency) to the
trapping laser, the heating due to partial absorption
does exist, which leads to radiation forces that reduce
the trap stability. Many groups have studied this
nonnegligible problem theoretically and experimen-
tally (Peterman et al., 2003; Mao et al., 2005; Catala

etal., 2017).
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Fig. 1 Simulation of the PSD of particle displacement with
differential cooling and air pressure reducing conditions
The particle trapped with dual beams is a microsphere of
diameter 10 um. The optical power of each laser beam is
150 mW and the NA of each lens is 0.35. References to color
refer to the online version of this figure

3 Experimental scheme

Optical trapping of a microsphere in air or even
in vacuum is much more challenging than optical
trapping a microsphere in liquid. The first problem
one may encounter is launching. Unlike the circum-
stance in liquid, it requires ultrahigh acceleration
(~10%g) to realize detachment between the particles
and the substrate in air. Considering stable capturing
in vacuum, precise displacement detection and cool-
ing process are critical. In this section we will review
the above key techniques in a vacuum optical twee-
zers system.

3.1 Launch

In liquid, the suspended particle near the trap
could be easily captured because its buoyancy would
counteract the gravity in the vertical direction.
However, in air or vacuum, the particles need to be
detached from the storage medium, and the initial

capture process can be achieved after it enters the
effective region of the optical trap (Fu et al., 2018b).
The scope of the optical trap is limited. Thus, the
initial capture process requires the particle enter the
light field at a suitable rate.

The particle sample would inevitably adhere to
the surface of the substrate of glass slide because of
the strong adhesion force. Therefore, in previous
research on fundamental physics, two conventional
methods for initial particle loading were proposed:
piezo and nebulizer. The high-frequency vibration of
piezoelectric ceramic can separate the particles from
the surface of the substrate. This is generally appli-
cable to micron-sized dielectric particles (Butts, 2008;
Li et al., 2010, 2011; Arita et al., 2013; Ranjit et al.,
2015) (Fig. 2a). Ashkin in his pioneering experiments
used a piezo-electric transducer to achieve initial
particle loading (Ashkin and Dziedzic, 1971; Ashkin
and Dziedzic, 1976). The adhesion force is inversely
proportional to the square of particle diameter, which
means that there is a minimum particle size that can
be separated for an acceleration provided by the piezo.
For the initial loading of smaller nanoparticles, one
needs to use an ultrasonic nebulizer (Summers et al.,
2008; Grass, 2013; Kiesel et al., 2013; Gieseler, 2014;
Millen et al., 2014). A highly diluted solution of the
sample can be broken into small droplets by an ul-
trasonic nebulizer, and then nanoparticles sprayed
into the free space would be captured after the solu-
tion component of droplets evaporates. Therefore, a
highly volatile solution such as propanol was mostly
used in this method, and the solution components can
be quickly volatilized without affecting the capture of
the particles.

The conventional methods mentioned above are
inherently random and uncontrollable, and it is dif-
ficult to accurately load a target particle. Multiple
particles are often captured in the trap during one
single loading process. To guarantee a certain proba-
bility of capture, one needs to spray an excessive
number of samples into the air. Then the residual
particle would contaminate the vacuum chamber and
the optics. This makes it hard to maintain high vac-
uum and recapture another particle.

In recent years, new loading methods have been
proposed to obtain an ultrahigh vacuum environment
for optical trapping and cooling the particle. By sep-
arating a loading chamber from the experimental
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chamber for cooling, one can prevent the residual
particles from contaminating the vacuum chamber.
Aspelmeyer’s group from Universitit Wien uses a
science chamber and a loading chamber in the setup
for a novel particle source, combining a nebulizer
source with optical trapping and a hollow core pho-
tonic crystal fiber. It provides a transport mechanism
capable of trapping a single nanoparticle from the
nebulizer source and moving it in a controlled way
into the ultrahigh vacuum (UHV) chamber, without
contamination and with control over the particle
number and position. Novotny’s group also reported a
mobile optical trap which enables cooling and long-
range 3D manipulation of a silica nanoparticle in high
vacuum (Mestres et al., 2015). Particles were loaded
under ambient pressure in a first vacuum chamber and
then transferred under vacuum into a high finesse
cavity inside a second vacuum chamber. Later, they
further designed a mechanical system to achieve
precise long-distance transmission (20-25 cm) of
nanoparticles between different chambers (Torki,
2016).

Copper Glass slide No. 2 coverslip
Viuise v \ N4

- —UCT
— Piezo
[ o u Microspheres
os Cogper .
¥
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(a) beam
CW beams
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7
’1 //// Fiber 2
— ‘/n —_—
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k““'»‘
““Pulse laser
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(b)

Fig. 2 Traditional launch setup with piezoelectric trans-
ducer (a) (Reprinted from Li (2013), Copyright 2013, with
permission from Springer Nature) and a novel launch
method with pulsed laser (b) (Reprinted from Fu et al.
(2018b), Copyright 2018, with permission from Elsevier)

Rapid loading and manipulation of a micro-
sphere in air or vacuum remains a challenge. To
achieve engineering applications, a key technology is
to realize an efficient and controllable loading process,
in particular in the repeatable launch of the sensing

particle. The optical loading methods are more con-
trollable than traditional methods, and we have pro-
posed to launch and capture a single particle in
a pulse-laser-assisted dual-beam fiber-optic trap
(Fig. 2b), which uses pulsed optical forces to over-
come the adhesion force (Fu et al., 2018a, 2018b).

3.2 Displacement detection

The measurement of displacement of trapped
particles is a crucial foundation for the COM cooling
of the particles and high sensitivity detection. Three
detection schemes have been widely adopted: CCD
detection, quadrant position detector (QPD) detection,
and balanced detector plus D-shape mirror schemes.

In the CCD detection scheme, the motion state of
the particle is directly extracted from the image of the
CCD. The CCD imaging method is limited by the
image frame rate and usually used in liquid optical
tweezers or as an auxiliary means of monitoring the
trapping state.

The schematic of the QPD detection scheme is
shown in Fig. 3. The side scattered light is collected
and collimated by the upper microscopic objective
lens and received by the QPD. The motion infor-
mation of the particle in the direction of the optical
axis (z axis) and horizontal axis (x axis) can be ob-
tained by the difference signal between two sets of
quadrants, while the change of the total optical power
indicates the motion information of the particle in the
direction of the vertical axis (y axis). The QPD de-
tection scheme has higher time resolution than an
ordinary CCD camera.

QPD

Camera

. Microscope
Optical __
fibers =

Trapped
nanosphere

Fig. 3 Schematic of the QPD detector scheme (Reprinted
from Millen et al. (2014), Copyright 2014, with permission
from Springer Nature)

Fig. 4 shows the schematic of the balanced de-
tector with the D-shape mirror scheme (Li, 2013). The
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forward scattered light is separated by D-shape mirror,
the sharp edge of which is perpendicular to the page
for the x detector and parallel to the page for the y
detector. The D-shape mirrors divide light into two
parts, where their optical power is equal. Then they
are focused through lens and irradiated to each photo-
detector of the same type. The output voltage differ-
ence of the two photo-detectors serves as the final
position signal. One detector in the z axis receives the
converging light, while another receives divergent
light.

V4
detector

X detector Y detector

Fig. 4 Schematic of the balanced detector with the
D-shape mirror scheme (Reprinted from Li (2013), Cop-
yright 2013, with permission from Springer Nature)

The sensitive area of the photodetector used in
the balanced detector is much smaller than that of the
QPD, so its time resolution is better. In addition, the
light intensity is enhanced by a stronger convergence
in the former scheme. Thus, a higher optical signal-to-
noise ratio can be acquired. The disadvantages of the
balance detector are its complex structure and higher
cost compared with the QPD method.

3.3 Cooling scheme

There are currently three main cooling options in
vacuum optical tweezers systems: differential feed-
back, parametric feedback, and cavity cooling.

Differential feedback cooling applies an addi-
tional damping to the particle using the scattering
force generated by the cooling laser (sometime trap-
ping laser) (Li, 2013). In this case the PSD of the
particle displacement becomes

kT T, Flﬂz
Sx(a)): 2 - ;2 2 2 20
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cool ?

where [ .o is the additional damping. The RMS of the
particle displacement decreases. The stiffness of the
optical tweezers k is modulated according to the ab-
solute value of the displacement of the particle in
parametric feedback cooling (Vovrosh et al., 2017),
and the change of PSD of the particle displacement is
similar to that in differential feedback cooling. The
technical difficulties of differential feedback cooling
and parametric feedback cooling lie in accurate de-
tection of the particle motion and the three-axis
cooling cross heating.

Cavity cooling is based on the Doppler principle
(Genes et al., 2008; Romero-Isart et al., 2011). As
Fig. 5 shows, the frequency difference between cavity
resonant frequency wc and cooling laser wy is exactly
the free oscillation frequency of particle wy. Thus,
the laser frequency increases to the cavity resonant
frequency when the particle is moving opposite to the
direction of the cooling laser and decreases to away
from the cavity resonant frequency for the converse
situation. Therefore, photons opposite to the direction
of particle motion leak out of the cavity because they
are in resonance, while photons with the same direc-
tion of particle motion are trapped in the cavity. Thus,
the average of the former photons is larger than that of
the latter photons. The former photons carry away
energy that is from the kinetic energy of the particle.
Lastly, the photons cool the vibration of the trapped
microsphere.

Trap laser Cavity transmission curve
Cavity "
cooling Cooling laser
laser
_> i ]
i ) wWL—Wwm
I

Fig.5 Scheme of 1D cavity cooling (a) and principle of 1D
cavity cooling (b) (Reprinted from Li (2013), Copyright
2013, with permission from Springer Nature)

Quantum mechanical calculations show that the
steady-state phonon number of the vibration is
(Barker, 2010; Chang et al., 2010)

2

(n)e s, ®

16w;, K

where « is the intrinsic cavity linewidth and yq, is the
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rate of a photon scattered by the particle. Quantum
ground-state cooling ((n)<1) can be achieved when
w)>>K>>yg.. Thus, cavity cooling is more suitable for
use in optical tweezers with a large elastic coefficient
or a cooling nanosphere rather than a microsphere,
as the latter has higher requirements for the optical
cavity.

In addition, the value of y,. is determined by the
size of the microsphere, and some researchers suggest
that ground-state cooling with a cavity should be
possible for microspheres with a diameter of 1 um or
slightly larger (Yin et al., 2013) when the wavelength
of the cooling laser is 1064 nm.

3.4 Diverse optical trap configurations
3.4.1 Gaussian beam trap

The particle-trapping configurations fall mainly
into three groups: single beam, single beam with
parabolic mirror, and counter-propagating beams
(Fig. 6). To achieve higher power output and reduce
the heating effect of the laser, an infrared laser is
usually used for dielectric microspheres. Thus, cap-
turing microspheres with a single beam is quite inef-
ficient and unstable, unless using the help of gravity
(upward single beam), buoyancy, or other kinds of
forces. For a single beam scheme, nanospheres are
better trapping objects. High numerical aperture (NA)
lens are necessary since single-beam capture schemes
generally require a high NA lens to tightly focus the
laser (Gieseler et al., 2012), and oil immersion envi-
ronment is required for higher NA. When a single
beam is axisymmetric and the particle is spherical, the
sphere is naturally located in the center of the beam,
which makes the detection components more adjust-
able and has higher efficiency.

In the single beam with parabolic mirror scheme,
the trapping force is derived mainly from the gradient
force of the backward concentrated laser of the mirror
because it is tightly focused (Vovrosh et al., 2017).
The scattering force of the forward parallel laser is
negligible. Therefore, this scheme gives no signifi-
cant increase in capture efficiency compared with a
single beam scheme, and it is hard to capture micro-
spheres stably. The advantage of this method is that a
parabolic mirror has smaller aberration and the setup
is robust.

When the two beams are transmitted in opposite
directions, the scattering forces of both beams on the

particle become trapping forces, which improves the
total capturing efficiency (Li et al., 2010). The dual-
beam scheme is able to capture microspheres stably
without the help of any other force. It also allows
trapping particles under a lower light intensity condi-
tion and reduces the influence of the laser heating
effect. When a particle is trapped in an extremely low
pressure environment, the laser heats the particle with
the medium and reduces the survival time of particles
in optical tweezers. This method requires that the
focus points of the two beams be closely coincident;
otherwise, the motion of the particle will become
complicated, which increases the difficulty of ad-
justing the beam. Table 2 lists the reported diverse
optical configurations for trapping particles in vacuum.

1064 nm 1064 nm

Vacuum
chamber

4 EDFA ‘ Na

Parabolic
mirror

(c) Vaccum chamber

Fig. 6 Three partial optical structures, which are repre-
sentative of the trapping schemes

(a) is reprinted from Gieseler et al. (2012), Copyright 2012,
with permission from the American Physical Society; (b) is
reprinted from Li (2013), Copyright 2013, with permission
from Springer Nature; (c) is reprinted from Vovrosh et al.
(2017), Copyright 2017, with permission from the corre-
sponding author

3.4.2 Non-Gaussian beam trap

In addition to the traditional light trap, there are
some unique traps with special light beams, including
vortex, Laguerre-Gaussian, and Bessel. Ostrovsky et
al. (2013) first introduced the concept of the “perfect
vortex beam” whose intensity profile and radius re-
main the same regardless of topological charge.
Based on these properties, a microparticle would
rotate at a constant velocity if trapped with a vortex
beam. Then Chen et al. proposed a novel approach



664 Li et al. / Front Inform Technol Electron Eng 2019 20(5):655-673

Table 2 Brief summary of diverse optical configurations

Optical Particle material Numerical Laser & Cooling Equivalent Vacuum
. . pressure  Reference
configuration & diameter aperture power method temperature (mbar’)

Counter- Silica, 3 pm 0.680 ~50 mW Differential 150, 1.5, and 68 mK 5.2E-5 Lietal.
propagating in- perbeam  feedback  forthex, y, and z (2011)
coherent beams modes, respectively

Counter- Silica, 3 um ~0.075 ~120 mW Differential 10, 55, and 12 K for 6.7E-6 Ranyjit et al.
propagating in- perbeam  feedback  thex, y, and z modes, (2015)
coherent beams respectively

Counter- Silica, 300 nm ~0.075 ~120 mW Differential 400 mK for the one 5.0E-6  Ranjit et al.
propagating co- perbeam  feedback  mode (2016)
herent beams

Upward single Silica, 14 pm 0.03 ~200 mW Differential ~7/5 mK for the x 1.0E-6  Monteiro et
beam feedback  mode al. (2017)

Single beam Silica, 140 nm Not Not Parametric 150, 400, and 50 mK 1.0E-6 Gieseler et

mentioned mentioned feedback  forthex, y, and z al. (2012)
modes, respectively

Single beam Silica, 100 nm 0.9 Not Parametric 145 pK for the y mode 6.9E-9  Jain et al.

mentioned  feedback (2016a)

Single beam Silica, 75 nm 0.8 1064 nm  Parametric Not mentioned 5.0E-7  Gieseler et

~100 mW  feedback al. (2012)

Single beam Silica, 177 nm 0.77 1565nm  No cooling Not mentioned ~1.0E-6  Torki (2016)

540 mW
Single beam Silica, 170 nm 0.85 1550 nm  No cooling Not mentioned ~1.0E-4  Ahnetal.
nanodumbbell 500 mW (2018)

Single beam with Silica, 64 nm 0.995 385 mW  Parametric 13,6, and 3 mK forthe 6.0E-6  Vovrosh et

parabolic mirror feedback  x, y, and z modes, al. (2017)

respectively

" 1 mbar=100 Pa

to create a “perfect” vortex beam (Chen et al., 2013,
2014), which is meaningful for optical manipulation.
Chen et al. (2015) first achieved an annular beam
using an axicon and then used a spatial light modu-
lator (SLM) to select topological charge. From the
motion of the trapped particle (3-um polystyrene
spheres dispersed in heavy water), they could probe
local orbital angular momentum (OAM) density and
in turn improve the vortex beam (Fig. 7a). Generally,
wavefront and OAM density corrections both con-
tributed to the uniforming OAM density of the perfect
vortex beam, so that the orbital angular momentum is
transferred to the trapped particle in vacuum (Fig. 7b).
They found that the air damping coefficient can
highly affect the orbital motion of the particle as well
as the beam parameter and inertial forces. Arita et al.
(2017) combined “perfect vortex” and Bessel beams
to form a three-dimensional potential and investigated
the dynamics of the trapped microparticle. The three-
dimensional photo potential well can also be inferred

from the trajectories of the trapped particle. The par-
ticle’s complex motion in the potential included rota-
tional motion in the vortex plane and periodic orbital
motion between the vortex and the Bessel beam
(Fig. 7c). Here, the interaction of optical gradient
forces and scattering forces with inertial forces and
gravity acting on the captured particles is responsible
for the motion.

4 Applications
4.1 Acceleration

Precision measurement of acceleration is crucial
in inertial navigation. A levitated optomechanical
system has proved to be an excellent candidate for a
novel high sensitivity accelerometer. In the spring-
mass oscillator model widely applicable to a variety
of accelerometers, the minimum detectable accelera-
tion purely limited by thermal noise can be expressed
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as (Ranjit et al., 2015)

ar%nin = %7 (9)

where the measurement of bandwidth b is far less than
the resonant frequency wy. kg is the Boltzmann con-
stant and 7 is the ambient temperature. Q is the qual-
ity factor and M is the mass of the oscillator. Thermal
noise is caused by thermal motion of the molecules
around the oscillator. Q is typically limited by mate-
rial loss including surface imperfections, ther-
mo-elastic dissipation, and clamping loss in tradi-
tional macroscopic mass accelerometers. Levitating
the mechanical oscillator with magnetic fields
(Romero-Isart et al., 2012) or radiation pressure (Yin
et al., 2013) are effective ways to avoid material loss.
Trapping dielectric spheres by laser, namely optical
tweezers, is one kind of representative technology. It
has been applied in a fairly wide range of fields from
biology (Neuman and Block, 2004) to fundamental
physics (Geraci et al., 2010).

Angle p;i(rad/s)
o
§
X -f/)-

0 | 0
-250.0 2.5 -0.25 0.00 0.25
r (um) Ar (um) 0 o2
(b) (c) v(um) 2828 x(um)

Fig. 7 Rotation analysis of a single trapped particle (a),
beam profile of the LG beam and trajectories of a silica
particle (b), and spatial profile of a perfect vortex beam
propagating along the z axis with /=15 compared with
numerical simulations (c)

(a) is reprinted from Chen et al. (2015), Copyright 2015, with
permission from Springer Nature; (b) is reprinted from
Mazilu et al. (2016), Copyright 2016, with permission from
the American Physical Society; (c) is reprinted from Arita
et al. (2017), Copyright 2017, with permission from the Op-
tical Society of America

On the other hand, Eq. (9) does not consider
noise resulting from physical clamping. Given that no
material clamping is required plus a high vacuum
environment, optical tweezers accelerometers are
largely isolated from vibration noise and thermal
noise, the primary noise sources for most traditional
macroscopic mass accelerometers. The new addi-
tional disturbance is momentum diffusion due to
photon recoil (Diehl et al., 2018), which is determined
mainly by optical relative intensity noise within the
scope of the mechanical motion frequency and can be
controlled to a negligible level compared with noise
resulting from physical clamping. Thus, although
macroscopic mass accelerometers (Kapner et al.,
2007) can acquire smaller acceleration sensitivities up
till now, because optical tweezers employ smaller
mass according to Eq. (9), optical tweezers accel-
erometers are still promising for higher sensitivity.
Moreover, optical tweezers are special for their mi-
croscopic scale and provide an ideal tool of re-
searching new interactions producing accelerations at
distances less than 100 um (Monteiro et al., 2017).

There are sensitivities of 7.7 ng/~Hz for a
d=5 um sphere in a single beam and heterodyne de-
tection system (Rider et al., 2018), and 47 pg /~ Hz

for a d=3 pm sphere using a multi-beam and damp
feedback scheme (Li et al., 2011). The highest accel-
eration sensitivity reported based on a vacuum

tweezer system is 0.4 pg/~Hz for a d=23 pm

sphere by Monteiro (2017) in Yale University. A
simplified schematic of its experimental setup is
shown in Fig. 8. Microspheres are levitated using a
vertical trapping beam with a small numerical aper-
ture (NA=0.03) lens to decrease the efficiency of the
clamping force produced by the laser, as will the
elastic coefficient. The infrared laser (red in Fig. 8)
used to capture the microspheres also generates
feedback forces to suppress the COM motion caused
by collisions with residual gas molecules. One can
modulate the trapping beam for feedback in the Z
direction (vertical upward direction) as defined in
Fig. 8. Feedback in the X and Y directions is realized
in a high-bandwidth piezo deflection mirror at fre-
quencies up to ~1 kHz. Two additional green beams
are used to detect the motion of the microsphere in
three orthogonal directions. A D-shaped mirror
and balanced photodiode (BPD) are used in the X
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direction to minimize detection noise. For a larger
dynamic range, the motions in the Y and Z directions
are imaged by lateral effect position sensors.

Y T Y-LSP
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- .
. ZLsP 0
S —
xLsp _|%
Side view Jf
532 nm { /] =
1064 nm = )
532 nm |
AOM ‘ R
Piezo J
Harmonic Gold

=71 Vacuum / D-shaped

beam splitter electrode L--4 chamber mirror

Fig. 8 Simplified schematic of the experimental setup
(Reprinted from Monteiro et al. (2017), Copyright 2017,
with permission from the American Physical Society)

The microspheres are surrounded by two elec-
trodes placed in parallel. These generate the electric
field for calibration. The diameter of the spheres can

be inferred by the microscope images, as can the mass.

One electrode is connected to a high-voltage source
and another to ground. The air breaks down and
becomes conducting within a strong electric field.
After air discharge, the microsphere maintains its
charge (Moore et al., 2014). Then an ultraviolet (UV)
lamp illuminates the surface of the sphere to remove
this charge by the photoelectric effect until only a net
charge of a single electron is left. A weaker oscillating
electric field not penetrating the air monitors the
process continuously. Lastly, a factor from the de-
tector voltage to microsphere acceleration can be
acquired through a controllable and known accelera-
tion resulting from the electric field. The above pro-
cesses are also applicable to measuring sensitivity as
long as the electric field is weak enough.

The trap is stable enough to sustain for month-
long time scales. For the largest spheres tested, nano-g
sensitivity is reached by long integrations of 10* s.
Heating from material absorption of the laser and the
efficiency of the clamping force produced by the laser
limit the mass in optical tweezers. They can be both
improved by finely designed materials and optical
structure. The vaporization of the sphere because of
laser heating also changes the density of the sphere.

The change is more severe for spheres following the
Stéber chemical process than with the fused produc-
tion method. The former can lead to about 10%—-20%
lower densities, which is the main system error of the
calibration and sensitivity measurement.

In 2018, some researchers proposed the idea of
resonant measurement of static gravity acceleration
(Hebestreit et al., 2018). First, they trap the particle
and cool its COM motion with feedback. Then both
the trapping and cooling laser are turned off for a
well-defined time, during which the particle leaves
the trap center because of gravity. Finally, only the
trap laser is turned on and the particle starts to oscil-
late for a while. The process essentially adds a square
wave modulation to the gravitational acceleration and
1s expected to achieve higher sensitivity since the
optical tweezer accelerometer has a higher O value
than conventional accelerometers.

4.2 Force sensor

State-of-the-art force sensitivity 12N/« Hz

has been reached in nanotube resonators in a cryo-
genic environment to improve their thermal-noise
limited force sensitivity (Moser et al., 2013). Similar
resonant solid-state mechanical sensors such as
micro-cantilevers, nano-membranes, and nanotubes

typically have sensitivities of ~ 10gN /~/Hz to
100aN /~/Hz operated at room temperature. Their

extreme force sensitivity enables the test of single-
electron spins in solids (Rugar et al., 2004), the real-
ization of sensitive chip-scale optomechanical force
transducers (Miao et al., 2012), and detection for
non-Newtonian gravity at sub-millimeter length
scales (Geraci et al., 2008). The minimum detectable
force, limited only by thermal noise, is

F;  [4k,To,Mb
min Q b

where the meanings of the above symbols have been
explained in Eq. (9). The minimum detectable force
scales with the square root of the mass. This is the
reason of employing microscopic masses in resonant
solid-state mechanical sensors. Macroscopic masses
are used in accelerometers for the opposite principle
in Eq. (9).

(10)
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Applications of searching for forces that couple
to mass such as gravity or the number of atoms or
nucleons of the mass require optimizing the sensitiv-
ity to accelerations rather than force. Force meas-
urement by optically levitated particles still has the
advantage of no material clamping loss while for-
feiting its competitiveness in the measurement scale
relative to acceleration detection. Excellent envi-
ronmental isolation of optically levitated particles in
high vacuum can allow such systems to achieve sim-
ilar or better force sensitivity at room temperature
than resonant solid-state mechanical sensors (Gieseler
et al., 2013).

There are sensitivities of ~200aN /+/ Hz for a
d=3 pm sphere in a dual-beam system (Ranjit et al.,
2015), and 1.6aN /Hz for a d=300 nm sphere in

the same trapping and feedback scheme (Ranjit et al.,
2016). The latter is the smallest force sensitivity re-
ported to date for optical tweezers, achieved by
Gambhir in Nevada University in 2016. Fig. 9a shows
the experimental setup. There are two equal-power
counter-propagating coherent beams whose wave-
lengths are 1064 nm (noted with red color) used to
trap the 300 nm fused silica sphere and three 532 nm
laser beams for cooling the particle. In Fig. 9b, the
optical force along the z axis within positions offset
by 500 um from the center has been calculated.
Macroscopically, the relation curve is similar to that
of counter-propagating coherent beams, while there is
a standing wave consisting of many potential wells
microscopically, as illustrated in the upper right cor-
ner of Fig. 9b. The distance between two adjacent
potential wells is the half of the wavelength of the
trapping laser. Thus, the particle will hop to an adja-
cent trapping site as a result of the perturbation on
laser power. The above process is shown in Fig. 9c.
Two advantages can be obtained from the counter-
propagating coherent beam scheme. First, it can carry
the particle between different potential wells, which
shows possibility for sensing experiments where the
position of particle must be controlled precisely (Park
and Wang, 2009). Secondly, the known spacing of
two adjacent potential wells also serves as a ruler to
calibrate the displacement spectrum of the particle.
The calibration is useful for both neutral and charged
particle, so it is applicable for experiments where
charge can introduce unwanted background.

-500 0 500
Z (um)

Fig. 9 Experimental setup (a), calculated optical force
along the z axis (b), and time trace of particle motion in
the z-axial direction (c) (Reprinted from Ranjit et al.
(2016), Copyright 2016, with permission from the Amer-
ican Physical Society)

The COM motion of particle is cooled to 400
mK at a pressure of 6.7x10"° mbar (1 mbar=100 Pa).
An extremely low vacuum environment is key to such
high sensitivity of microsphere motion detection. The
particle can be trapped over several days, enabling a
time-averaged measurement over 10° s and demon-
strating force sensing at the 6zN level.

4.3 Gyroscope effect

In high vacuum, a circularly polarized laser
beam can levitate and control the rotation of micro-
spheres. Because of low damping in high vacuum,
microspheres can rotate at a rate above several MHz
(Arita et al., 2013). A rotation rate up to several GHz
had been experimentally demonstrated. Reimann et al.
from ETH reported a rotating, optically trapped silica
nanoparticle in vacuum by transferring spin angular
momentum of light to the particle (Reimann et al.,
2018). At sufficiently low damping (at pressure
10> mbar), rotation frequencies of single 100-nm
particles exceeding 1 GHz were experimentally real-
ized. They highlight the potential application of the
possibility of being used to test material limits under
centrifugal stress on the nanoscale.
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At almost the same time, another group led by Li
TC (Ahn et al., 2018) optically levitated and rotated a
170-nm-diameter nanodumbbell with a circular po-
larized tightly focused single beam. The experimental
scheme is shown in Fig. 10a. The COM motion, ro-
tation, and torsional vibration can also be extracted
from this single trapping beam through a different
detection optical path. It is indicated that such high-
speed rotation could be used to study material prop-
erties and vacuum friction.

The high-speed rotation will inevitably bring
important implications to the gyroscope effect test on
this scale. The external torque exerted on optically
levitated systems will cause the variation of the rota-
tion rate and precession angle on the rotating micro-
spheres. There comes the possibility of measuring or
maintaining orientation and angular velocity, namely,
the gyroscope. Several groups have reported rotation
frequencies up to 1 GHz (Ahn et al., 2018). The fol-
lowing figures show a representative experimental
scheme.
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Fig. 10 Experiment scheme (a) and results (b) in Ahn et al.
(2018) (Reprinted from Ahn et al. (2018), Copyright 2018,
with permission from the American Physical Society)

4.4 Macroscopic quantum state

Optical levitation systems can not only be used
as sensitive probes for acceleration, weak force, and
tiny displacements, but also lead to possibilities of
investigating the quantum behavior of macroscopic
mechanical oscillators. They can shed light on un-
derstanding the quantum-to-classical transition.

In 2016, a proposal named macroscopic quan-
tum resonators (MAQRO) was submitted in response
to the “New Science Ideas” Call of the European
Space Agency (ESA). The official website introduced
MAQRO (http://maqro-mission.org/) as “a test allows
probing the vastly unexplored ‘quantum-classical’
transition for increasingly massive objects, and pro-
vides unambiguous tests for so-called collapse mod-
els that have been suggested to resolve the quantum
measurement problem.” It had been selected as one of
three key areas of interest for further investigation in
2017 (http://sci.esa.int/cosmic-vision/59040-esa-iden
tifies-new-science-ideas-for-future-space-missions/).

Quantum ground state cooling is an essential
procedure for achieving a macroscopic quantum state.
In a universal quantum ground state platform, an F-P
cavity with an end mirror is a basic setup. Through
proper setting of the cavity resonance frequency and
laser frequency, the anti-Stokes process could be
favored over the Stokes process. As a consequence of
energy conservation, the thermal energy of the me-
chanical mode has to decrease to create higher-energy
anti-Stokes photons. If the cavity-mode decay rate,
which is related to the optical finesse, is smaller than
the mechanical-mode frequency, theoretical analysis
shows that these experiments can eventually achieve
the quantum ground state of a macroscopic mechan-
ical oscillator (Marquardt et al., 2007), which would
be a significant breakthrough in physics from both
experimental and theoretical points of view.

Many groups have experimentally demonstrated
that the mechanical mode of a mechanical oscillator
can be significantly cooled through optomechanical
interactions (Cohadon et al., 1999; Corbitt et al.,
2007; Groeblacher et al., 2008). A remarkable break-
through was reported by Teufel (2011) and Chan
(2011) (Fig. 11), in that they independently achieved
0.34+0.05 and 0.85+0.08 average phonon numbers,
respectively, which means that the quantum ground
state cooling of the nano-oscillator is realized.

Research on this type of nanomechanical system
has made great strides, but this kind of system re-
quires a huge refrigerator. In addition, currently its
main challenge is the difficulty of achieving high
detection efficiency due to weak coupling with the
environment. The quantum interference detection
through laser or microwave photons is a widely used
method to improve detection efficiency, but it is not
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(a)

(b)

Fig. 11 Optomechanical resonators in Teufel et al. (2011) and Chan et al. (2011): (a) is reprinted from Teufel et al.
(2011), Copyright 2011, with permission from Springer Nature; (b) is reprinted from Chan et al. (2011), Copyright

2011, with permission from Springer Nature

really compatible with this structure. Another kind of
optical levitation resonator which uses optical twee-
zers in vacuum is now considered an ideal candidate
for the study of macroscopic quantum effect. Its ob-
vious advantages are: dielectric resonator levitated in
space under ultrahigh vacuum pressure, eliminating
the environmental noise; the resonator has interaction
with the laser directly, which gives rise to high de-
tection efficiency and ultrahigh quality factor. In this
kind of system, the resonator could be cooled down to
the order of micro kelvin at room temperature without
the support of a pre-cooling system. Jain et al. (2016a)
in ETH reported an average phonon number of 63 in
an optical tweezer system in vacuum. They brought a
nanoparticle into UHV (10 mbar) with active
feedback and were able to realize direct measurement
of photon recoil from this levitated nanoparticle. Later,
they achieved an average phonon number of 21 (Jain
et al., 2016b) by replacing a normal detector with a
low noise, high-power photodetector capable of being
a balanced photodetector of up to 70 mW of optical
power.

5 Outlook

Optical tweezers, though first demonstrated
nearly four decades ago, find new vitality when op-
erating in a vacuum environment. From a force sensor
to macroscopic quantum state preparation, it provides
an artful platform for both fundamental physics and
practical applications. The challenges of trapping
single particles in vacuum have been overcome partly
by the advances of laser techniques and micro man-
ufacturing technology, but with vacuum optical
tweezers there still lie many topics to be intensively

studied, for example, non-Newtonian force detection,
gravitational wave detection, dark matter detection,
mesoscale thermodynamics, ultrasensitive sensing,
macroscopic quantum effect, and solid matter wave
interferometry.
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