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ABSTRACT

Levitated optomechanics in vacuum has shown promise for fundamental tests of physics including quantum
mechanics and gravity, for sensing weak forces or accelerations, and for precision measurements. While much
research has focused on optical trapping of dielectric particles, other approaches, such as magnetic trapping of
diamagnetic particles, have been gaining interest. Here we review geometries for both optical and magnetic
trapping in vacuum, with an emphasis on the properties of traps for particles with a diameter of at least one
micrometer.
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1. INTRODUCTION

Optical trapping has dominated research in levitated optomechanics with mesoscopic objects, but interest in
extending the accessible parameter regimes has led to investigations into new trapping techniques, including
magnetic, magneto-gravitational, and Paul (also known as RF or ion) trapping. Here, we compare the properties
of optical and magnetic traps, with a particular emphasis on their properties when trapping particles have
diameters of 1 µm or larger in vacuum.

There are two primary configurations of optical traps commonly used with larger particles. In the first,
developed in the 1970s,1 a single focused beam is oriented with the direction of propagation anti-parallel to the
force of gravity, as shown in Fig. 1. Neodymium-doped YAG (Nd:YAG) lasers with wavelengths of 1064 nm are
frequently used because of their large availability and high optical powers. The scattering force on the particle
from the trapping beam helps counteract gravity, while the gradient force pulls the particle back to the center,
resulting in a stable trap. The second optical trap geometry uses counter propagating beams to cancel the
scattering force, as shown in Fig. 2. Typically high numerical aperture (NA) objectives are typically used with
high optical power (several milliWatts to Watts) to overcome the force of gravity. The significant difficulty in
dual-beam optical traps is the need to align the two beams’ overlap well.2,3

Recently, several diamagnetism-based traps have also been demonstrated in vacuum. The first magneto-
gravitational trap configuration is based on a linear quadrupole magnetic field.4–6 The trap, illustrated in Fig. 3,
begins with a linear quadrupole field with its axis aligned with the z (axial) direction to confine the particle in the
y (vertical) and x (transverse) directions. To confine the particle in the axial direction, the vertical symmetry of
the trap is broken by either making the top pole pieces shorter than the bottom or curving the pole pieces gently
up in the y-z plane. This reshapes the low-field region of the trap to follow a curve with a minimum in height (y)
at the axial center of the trap. The result is that the earth’s gravity pulls the particle to the center of the trap in
the axial direction, creating a trap with full three-dimensional confinement. As implemented experimentally, the
trap consists of four Hiperco-50A pole pieces with a typical saturation magnetization of 2.4T. Two samarium-
cobalt (SmCo) permanent magnets are placed between the pole pieces. The pole pieces concentrate the magnetic
flux to a smaller region to increase the gradient of the magnetic field. In the axial direction, the top pole pieces
are approximately 380µm long and the bottom pole pieces are approximately 2.54mm long. The gaps between
the pole pieces are typically 75µm in the transverse direction and 200µm in the vertical direction.
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2.8 Size of quantum ground state

The zero-point motion sets the size of the ground state in a quantum harmonic oscillator (QHO). For a QHO in
the z-direction for a with mass m and angular frequency ωz, the size of the ground state is

z0 =
√

〈z2〉 =

√

~

2mωz
. (4)

For a typical SiO2 sphere in a linear quadrupole magneto-gravitational trap with a diameter of 1.5µm and
frequency ωz/2π = 7Hz, z0 ≈ 2 × 10−11 m. In optical traps, the typical size of particles is much smaller at
approximately 150 nm with frequencies typically on the order of ω/2π ≈ 150 kHz. For a spherical SiO2 particle,
by Eq. 4, z0 ≈ 1.2 × 10−12 m. For the cylindrical quadrupole magnetic trap system8 with a levitated 2µm
diamond at frequencies of approximately 200Hz, the zero-point extension is approximately 1.5× 10−12 m.

2.9 Force and acceleration sensitivity

The force sensitivity of a spherical harmonic oscillator of mass m is given by11

S
1/2
F =

√

4kBTmΓ (5)

where Γ is the damping rate of the oscillator at temperature T . Since the use of feedback to add cold damping
can at best maintain the product ΓT constant, it cannot improve the force sensitivity. Dividing Eq. 5 by m gives
the acceleration sensitivity.

S1/2
a =

√

4kBTΓ

m
(6)

Generally, the use of larger particles allow for better acceleration sensitivity, whereas smaller particles allow for
better force sensitivity.

With optical trapping, force sensitivity of approximately 6×10−21 N over a time of 105 s has been reported.11

This gives S
1/2
F ∼ 10−18 NHz−1/2. With the 300 nm diameter SiO2 particle used, an acceleration sensitivity of

approximately S
1/2
a ≈ 5 × 10−2 ms−2Hz−1/2 can be estimated. An acceleration sensitivity of S

1/2
a ≈ 7.5 ×

10−5 ms−2Hz−1/2 has also been reported9 with a larger particle in a vertical beam trap. By multiplying by the

mass of the 4.8µm diameter SiO2 sphere, the force sensitivity is S
1/2
F ∼ 10−17 NHz−1/2.

For a 1.5µm diameter SiO2 particle in the linear quadrupole magneto-gravitational trap, the damping is

estimated to be Γ ≈ 10−5 s−1.5 From Eq. 5, we get S
1/2
F ∼ 10−20 NHz−1/2. The acceleration sensitivity for this

particle is S
1/2
a ∼ 10−6 ms−2Hz−1/2.

3. CONCLUSIONS

A comparison of the properties of particles in optical and diamagnetic traps reveals that each has advantages, with
largely complementary features. Optical traps are typically stiffer and deeper, enabling much higher oscillation
frequencies and much smaller particles than diamagnetic traps. However, the high NA of objective lenses often
used to focus the trapping beam results in a relatively small trapping region and thus a small maximum oscillation
amplitude. Diamagnetic traps are typically much less stiff, resulting in lower oscillation frequencies. They can
still reach manageable trap depths by being much larger, with almost arbitrarily large oscillation amplitudes
possible and at least 1 cm amplitude demonstrated. Diamagnetic traps have also been demonstrated with
somewhat larger particles than optical trapping, and also feature passive stability at all background pressures
and less strict requirements on the transparency of particles. In practice, the choice of trap type and geometry
will depend on the desired characteristics of the system.
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