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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 um or larger in vacuum.

There are two primary configurations of optical traps commonly used with larger particles. In the first,
developed in the 1970s,' 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.23

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.* "¢ 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 2.4 T. 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 380 pm long and the bottom pole pieces are approximately 2.54 mm long. The gaps between
the pole pieces are typically 75 um in the transverse direction and 200 um in the vertical direction.
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Figure 1. (a) An illustration of a single beam optical trap. The light propagation typically opposes gravity so the scattering
force helps cancel gravity. The dielectric particle is pulled towards the electric field maximum, located at the focus of the
beam. Typical trapping wavelengths are 1064 nm and 1550 nm. (b) A close up view of the trapping region as indicated
by the black box in (a). The particle is not to scale to the demonstrated trapped particle sizes.

A linear quadrupole-based magneto-gravitational trap that has been extended in the axial direction has also
been demonstrated as pictured in Fig. 4.° The four pole pieces are again made of Hiperco-50A and surround
two SmCo magnets. In order to achieve lower oscillation frequencies in the axial direction, the dimension of the
trap in that direction was increased to approximately 20 mm and 26 mm for the top and bottom pole pieces,
respectively. The transverse and vertical gaps were increased to approximately 250 um and 750 pm, respectively.

Another diamagnetic trap configuration, the axisymmetric scalable magneto-gravitation trap, is pictured in
Fig. 5.7 The trap consists of a neodymium-iron-boron (NdFeB) permanent magnet and two O1 tool steel pole
pieces to concentrate the magnetic flux to a smaller region to increase the gradient of the magnetic field. The
typical saturation magnetization is typically 1.0 T — 1.5T. The bottom pole piece is conical with a tip radius
of approximately 350 um. The top pole piece is a hollow, cone shape with a bore-hole radius of approximately
350 um. This hole allows particles to be loaded from the top of the trap. The top and bottom pole pieces are
separated by a 350 um gap. As with the linear quadrupole magneto-gravitational trap, gravity is required to
form a trapping potential.

The last diamagnetic trap configuration we will examine is based on two permanent magnets and no pole
pieces to levitate a particle without requiring gravity to form a stable trap.® This system is shown in Fig. 6. The
cylindrical quadrupole magnetic trap has the advantage that it can be rotated since it does not depend on gravity
to form the confining potential. The trap consists of two NdFeB permanent magnets with tips machined into
four facets with an inclination of 28°, an angle which was determined to give the maximum vertical frequency
and thus give the strongest trap. The two magnet tips are placed a distance of 30 um apart with like poles of
the magnets facing each other.

2. COMPARISONS

In this section, we compare several properties of trapped particles in these traps.

2.1 Trapped particle materials

Optical traps rely on a large gradient in an electric field produced by a tightly focused laser to levitate dielectric
materials. Heating (potentially resulting in melting or vaporization) of trapped particles is a significant concern
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Figure 2. (a) An illustration of a dual beam optical trap. Unlike the single beam optical trap, careful alignment of
both beams allows the scattering forces to cancel. This allows for higher trapping laser power (electric field gradient) and
stronger restoring forces, deep well depths, and high oscillation frequencies. Large numerical apertures also contribute
to these. Standard trapping wavelengths are 1064nm and 1550nm. (b) A view of the trapping region as indicated
by the black box in (a) showing the rays of one of the trapping beams coming in from the left. Depending on the
particle displacement from the center of the trap (indicated by dashed green circle), the rays change direction and transfer
momentum to the particle, resulting in the gradient forces (yellow arrows). For a dual beam trap, these gradient forces add
and the scattering forces (not shown) cancel. The strong gradient forces in the dual beam trap balance the gravitational
force, with the equilibrium point slightly below the beam axis, as illustrated in right-most image.

in optical traps due to the high optical intensities utilized, so typically the trapped material must have very
low absorption at the trapping wavelength. As the trapped particle travels through the gradient, there is a
restoring force that pushes the particle back towards the highest intensity part of the beam. Common materials
levitated in optical traps are silica (Si02)% 2" and silicon (Si).?® Diamonds®® 3 containing nitrogen vacancy (NV)
centers are also of interest in trapping experiments because the manipulation of the defect centers can provide a
quantum handle into the system,*' 33 though there is evidence they can graphitize and burn at sub-atmospheric
pressures.>* Optical trapping and rotation of a polymorph of calcium carbonate, vaterite (u-CaCO3), has also
been demonstrated.'? The birefringence nature of vaterite enhances the ability of light to rotate trapped spherical
particles.

Magnetic traps have demonstrated trapping with a wider range of materials. For stable trapping, the particle
must be diamagnetic (xy < 0) so the particle is pushed towards the region with the weakest magnetic field.
Any diamagnetic material can be levitated if the resulting trap is strong enough to overcome gravity, though
insulators are preferred to prevent loss from eddy currents. The linear quadrupole magneto-gravitational trap has
demonstrated the stable levitation of diamond, SiOs, borosilicate glass, and silicon carbide (SiC).* 6 In addition to
the material reported in publications, we have observed that soda lime glass, dibutyl sebacate (DBS), silicone oils,
water, isopropyl alcohol, polystyrene, vaterite, and graphite can been successfully trapped in linear quadrupole
magneto-gravitational traps. The axisymmetric magneto-gravitational trap has demonstrated the levitation of
gallium nitride (GaN) spheres and nanowires, SiO2, and graphite powder.” The cylindrical quadrupole magnetic
trap levitated diamonds, where it was observed that the frequency increased as a function of decreasing pressure,
theorized as the magnetic susceptibility of diamond increasing as a function of temperature.®

2.2 Trapped particle sizes

Researchers have demonstrated levitation of particles with diameters of several hundred nanometers!®: 17,22,24,28

and of several micrometers.? 10:12-14,16,21 The most common diameters of particles in optical traps range from
100 nm to 150 nm.'8-20,25-27,29,30 Among the smallest particles that have been optically trapped in vacuum is
a 26 nm diameter silica sphere.?> Among the largest particles that have been optically trapped in vacuum are
20 um diameter'® and 30 pm diameter3® silica microspheres.

With the linear quadrupole magneto-gravitational trap? 6 trapping of silica microspheres approximately 1 pm
to approximately 8 um has been demonstrated. Nanodiamond clusters of approximately 3.5 um have also been
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Figure 3. (a) The linear quadrupole magneto-gravitational trap*® viewed from the transverse (x) direction. The trap
consists of four Hiperco-50A pole pieces with a typical saturation magnetization of 2.4 T and SmCo permanent magnets.
The vertical (y) gap is approximately 200 pm. The length along the top pole pieces in the axial (z) direction is approx-
imately 380 um and approximately 2.54mm along the bottom pole pieces. (b) A close up view of the trapping region
as indicated by the black box in (a). The particle is not to scale to the demonstrated trapped particle sizes. (c¢) The
magneto-gravitational trap viewed from the axial direction. The transverse gap is approximately 75 um. (d) A close up
view of the trapping region as indicated by the black box in (c¢). The particle is magnetically bound in the transverse and
vertical directions and magneto-gravitationally in the axial direction.

trapped. With the extended linear quadrupole magneto-gravitational trap® consistent trapping of borosilicate
and soda lime glass microspheres from approximately 25 pm to approximately 65 um has been achieved, as seen
in Fig. 7. In the axisymmetric magneto-gravitational trap,” trapping has been demonstrated with many particle
sizes. A 100nm GaN particle can be trapped before thermal fluctuations are on the order of the trap depth.
Silica microspheres of 6 wum diameter, GaN particles of 10 um diameter, graphite powder with sizes between
50 um and 300 um, and GaN nanowires approximately 20 um in length have also been trapped in this system.
With the cylindrical quadrupole magnetic trap system,® trapping has been demonstrated with microdiamonds
of approximately 1.5 pm to approximately 2.5 um in diameter.

2.3 Center-of-mass oscillation frequencies

For a levitated particle of mass m in a harmonic potential, the oscillation frequency f of the particle is given by

w 1 k
== =4/ 1
/ 2r 2 \Vm’ (1)
where w is the angular frequency of the oscillation and k is the spring constant of the trap, which depends on
the system being investigated.

In optical traps, the oscillation frequency mostly depends on particle size, the NA of focusing optics, and
the trap geometry, as well as if motion is longitudinal or transverse to the trapping beam(s). Optical trapping
systems typically have much higher center-of-mass oscillation frequencies than the magnetic trap and magneto-
gravitational trap systems. Dual-beam and cavity optical traps typically can achieve much higher oscillation
frequencies compared to single beam vertical optical traps. Typical values in an optical trap with sub-micron
diameter particles are f ~ 100 — 200kHz .12:18:20:21,24729 The highest reported center-of-mass frequency to our
knowledge is f =~ 300kHz for a 26nm silica nanosphere in vacuum.?® Center-of-mass frequencies in an optical
trap have been reported as low as f ~ 20 Hz for a 20 um silica microsphere in vacuum.'® 16

The magnetic trap and magneto-gravitational trap systems have significantly lower oscillation frequencies
than optical traps because the magnetic susceptibilities of diamagnetic materials are generally much smaller
in magnitude than the electric susceptibilities of dielectric materials. The lowest frequency demonstrated in a



Figure 4. The extended linear quadrupole magneto-gravitational trap.® Similar to the trap in Fig. 3,*° this system
consists of four Hiperco-50A pole pieces and SmCo permanent magnets. The vertical (y) gap is approximately 750 um
and the gap in the transverse (z) direction is approximately 250 pm. Lower frequencies in the axial (z) direction are
achieved due to the extended length of the pole pieces in that direction. The top pole piece is approximately 20 mm and
the bottom pole piece is approximately 26 mm in the axial direction. The particle is not to scale to the demonstrated
trapped particle sizes.

magnetic based trap is f ~ 0.25 Hz in the extended linear quadrupole trap as shown in Fig. 4.5 The low frequency
is due to the large dimension in the axial (z) direction. In this trap system, the frequency in the vertical (y)
direction is f ~ 10Hz. An accurate measurement of the transverse (z) direction oscillation frequency has not
obtained. In the shorter linear quadrupole trap pictured in Fig. 3,46 the center-of-mass oscillation frequencies
in the axial, vertical, and transverse directions are f, ~ 7Hz, f, ~ 100Hz, and f, ~ 60 Hz, respectively. The
axial center-of-mass frequency can be arbitrarily low in this system without loss of trap depth by extending the
axial dimension of the trap.

The axisymmetric scalable magneto-gravitational trap” as shown in Fig. 5 has reported similar frequencies to
the linear quadrupole trap. In the vertical direction, a frequency of f, ~ 30 Hz is demonstrated. Because of the
cylindrical symmetry, the particle oscillates in all directions radially at a frequency of f,. ~ 25 Hz. The cylindrical
quadrupole magnetic trap system® shown in Fig. 6 has higher frequencies reported. In the horizontal directions,
the frequencies are fj, ~ 200Hz. In the vertical direction, the frequency is twice as large at f, ~ 400 Hz.

2.4 Maximum center-of-mass oscillation amplitudes

For optical trapping systems with the particle radius, rp,, much less than the trapping wavelength, r, < A (the
Rayleigh scattering regime), the maximum center-of-mass oscillation amplitude 7,4, (over which range the trap
force changes roughly linearly) is roughly the beam waist wg of the trapping laser, 7,4 & wg. Because gravity
opposes the scattering force on the particles in a single-beam vertical optical trap, lower NAs can be used,
increasing the beam waist and thus the maximum oscillation amplitude. For example, a single-beam trap using
a 1064 nm laser with rp,a ~ wo =~ 25 um has been reported.?® For dual-beam horizontal optical traps, NAs of
approximately 0.8 are typical. For a 1064 nm laser, the high NA results in 7,4, &= wg ~ 420 nm.

For optical trapping systems with r, > A, larger center-of-mass oscillation amplitudes can be achieved. Using
the Optical Tweezers in Geometrical Optics (OTGO) software developed by Callegari et al 3¢ that was modified
by St. John?® to handle a variety of trap geometries and compute potential wells and further adapted here to
analyze oscillation frequencies and well depths, an empirical formula for the maximum center-of-mass oscillation
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Figure 5. (a) The axisymmetric scalable magneto-gravitational trap.” The bottom pole piece concentrates the magnetic
flux from the NdFeB permanent magnet. The top pole piece contains a bore-hole down the center to allow particles to be
dropped in from the top for loading. The two pole pieces are made of O1 tool steel with a typical saturation magnetization
of 1.0T — 1.5 T. The vertical gap and the radius of the flat tip of the bottom pole piece are approximately 350 um. The
bottom pole piece has a 60° taper and the top pole piece has a taper of 30°. (b) A close up view of the trapping region
as indicated by the black box in (a). The particle is not to scale to the demonstrated trapped particle sizes.

amplitude 7,4, in the longitudinal and transverse directions were found. The maximum transverse oscillation
amplitude for r, > X is approximately twice the particle radius, 7,4 = 2rp, for both vertical and horizontal
traps. The maximum longitudinal oscillation amplitude for r, > X is given by rp,q; = 21, /NA for both vertical
and horizontal traps. Thus, for a 10 um diameter silica particles with NA = 0.5, 7,4, &~ 10 um for transverse
motion and 7,4, ~ 20 um for longitudinal motion.

The linear quadrupole magneto-gravitational trap?® consists of four pole pieces that limit the amplitude
of motion for the levitated particle. In the transverse (x) direction, the particle’s amplitude is approximately
limited by the distance from the distance between the centers of the tips of the pole pieces, T ~ 125 um. The
vertical (y) direction amplitude is limited by the vertical gap of the trap, Ymas ~ 100 pm. A good estimate for
the maximum amplitude in the axial (z) direction is half of the length of the top pole pieces, zmqer =~ 190 pm.
Based on similar arguments, the extended linear quadrupole trap has amplitudes in the transverse, vertical,
and axial directions are g, ~ 250 WM, Ymaz ~ 375 pm, and z,,q; ~ 10.5 mm, and an oscillation amplitude of
approximately 10 mm has been demonstrated. In principle, arbitrarily large amplitudes in the axial direction
can be achieved by extending the axial dimension of the trap.

The axisymmetric scalable magneto-gravitational trap’ has a potential minimum located in the center of the
trap radially and near the tip of the top, nozzle shaped pole piece where a neutral particle will be positioned. In
the radial direction, the particle is limited by the physical boundary of the pole piece, rpyq: =~ 350 pm. In the
vertical direction, the particle is constrained to ¥4z =~ 200 pum. The two magnets in the cylindrical quadrupole
magnetic trap system were separated vertically by a distance of 30 um. In this direction, the particle’s amplitude
is limited by the magnets, ¥maee = 15 um. In the horizontal directions, a conservative estimate for the maximum
amplitude to be on the order of the size of the vertical gap, Timae ~ Ymaz ~ 30 pm.
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Figure 6. (a) The cylindrical quadrupole magnetic trap system.® The trap consists of two NdFeB permenant magnets with
the same poles together. The magnet tips are machined into four facets with an inclination of 28° to give the maximum
vertical frequency. The tips are separated by a distance of 30 um. (b) A close up view of the trapping region as indicated

by the black box in (a). The particle is not to scale to the demonstrated trapped particle sizes. Unlike the traps in Fig. 5,
Fig. 3,5 and Fig. 4, the particle is not bound by gravity allowing this trap to be rotated.

__l

2.5 Trap depth (escape energy)

The trap depth temperature T;,,, in an optical trapping system where the radius of a levitated sphere is much
smaller than the trapping wavelength, 7, < A, is given by3”

3V e—1
T, = 2
kB max c Re{ c+2 }a ( )

where Iy is the intensity of the trapping laser, V' is the sphere volume, ¢ is the speed of light in vacuum, and
€ is the electric permittivity of the particle. For typical optical parameters of optical power ~ 0.5 W, beam
waist ~ 500 nm, and a SiOs particle with 150 nm diameter and electric permittivity € = 3.9, a trap depth can
be estimated at Tpqz ~ 107 K. Therefore, even for relatively small particles, the trap depth in optical traps is
usually much larger than room temperature. For optical trapping systems with r, > A, we again employed the
modified OTGO software developed by Callegari et al 36 and St. John® to estimate trap depth temperatures.
For a 10 um diameter silica particle in both vertical and dual-beam horizontal traps with a 1064 nm trapping
wavelength, NA = 0.5, and beam powers of 25 — 100 mW, we found Ty,e. ~ 107 — 10% K, with oscillation
frequencies of 0.1 — 1 kHz.

For the linear quadrupole magneto-gravitational trap,® the trap depth is limited to the energy of the particle
displaced to the edge of the trap axially. For the trap in Fig. 3, z;,, =~ 190 um. For a particle of mass m
oscillating with angular frequency w, in the axial direction,

1
kpTmaez = §mwzzl2im' (3)
For a 1.5pum SiOy sphere oscillating with frequency w,/27n ~ THz, Ty ~ 8000K. The axial oscillation
frequency can be made arbitrarily small while keeping the trap depth large enough by increasing the length of
the trap in the axial direction. In the extended linear quadrupole magneto-gravitational trap,® typical particles
are 65 pm diameter SiOy spheres that oscillate at a frequency of w. /27 &~ 0.25 Hz. By Eq. 3, the trap depth is
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Figure 7. A 60 um particle levitated in the extended linear quadrupole magneto-gravitational trap illustrated in Fig. 4.
The particle is stroboscopically illuminated by a 660 nm LED and imaged onto a CMOS camera.

~ 10! K. In the axisymmetric magneto-gravitational trap, it is reported that for a 10 um GaN sphere, the trap
depth is estimated to be ~ 10° K.” GaN particles down to approximately 100 nm can be trapped before thermal
fluctuations are comparable to the trap depth. A similar analysis can be performed for the cylindrical quadrupole
magnetic trap system® to that of the linear quadrupole magneto-gravitational trap. In the horizontal directions, a
conservative limit on the maximum amplitude is on the order of the vertical gap, Zjim ~ Yiim ~ 30 pm. Assuming
a sphere, a diamond of diameter 2.0 pm oscillating horizontally with a frequency of wy, /27 ~ 200 Hz will have a
trap depth of 600,000 K, determined by Eq. 3.

2.6 Chamber pressure

Optical trapping systems have been studied since the 1970s, with the majority of the work focused on trapping
in liquid and air. For sensitive measurements and to reach the quantum limit of the COM motion, collisions with
air molecules must be minimized, requiring trapping in vacuum. Optical trapping in vacuum typically requires
active cooling of the COM motion to avoid particle loss due to radiometric forces exacerbated by differential
particle heating .25 Trapping has been successful with SiOs and Si from atmospheric pressure down to ~ 10~®
Torr.26:2® Nanodiamonds have been levitated down to a pressure on the order of a few Torr,?® and vaterite
spheres have been trapped down to a pressure of ~ 107 Torr.'?

Because of the passive nature of the magnetic based traps, in principle it is possible to have a levitated particle
remain trapped indefinitely at any pressure. The linear quadrupole magneto-gravitational trap has reported what
may be the lowest pressures of any levitated optomechanical trapping experiment, demonstrating levitation of
a SiO, microsphere at ultra-high vacuum, with a pressure of ~ 107!0 Torr.> The axisymmetric magneto-
gravitational trap reported levitation at a pressure of ~ 0.001 Torr.” The cylindrical quadrupole magnetic trap
has demonstrated trapping of microdiamonds down to a pressure of ~ 0.1 Torr.® Though NdFeB permanent
magnets are stronger than SmCo permanent magnets, the Curie temperature of NdFeB permanent magnets
limits how hot the systems can be baked to achieve lower pressures. As a result, the cylindrical quadrupole
magnetic trap and the axisymmetric magneto-gravitational traps would likely need some modification to reach
ultra-high vacuum.

2.7 Cooling the center-of-mass motion

In 1977, Ashkin and Dziedzic reported cooling the motion of 10.8 um, 8.7 um, and 4.1 um diameter particles
levitated in a single-beam vertical optical in high vacuum by modulating the power of the trapping laser propor-
tional to the vertical velocity of the particle as detected on a split photodiode.'® This process, typically known as
“cold damping” or linear feedback cooling, primarily uses the modulated scattering force of the laser to provide
the damping force. The horizontal motions of the particle were incidentally damped in the same process. Full
three-dimensional cooling of a 3 um silica microsphere in vacuum to a minimum temperature of 1.5 mK has
further been demonstrated.?®

The scattering force is typically not used for feedback with smaller, optically trapped particles (which are
beyond the primary scope of this paper). Instead, the optical gradient force can be used for parametric (non-
linear) feedback (e.g.2"), or charged particles can been cooled with the Coulomb force,?%3? reaching motional
temperatures down to 100 uK in one degree of freedom.?¢

Feedback cooling has also been demonstrated in traps based on diamagnetism, including cold damping with
a feedback force from the magnetic field generated by a modulated current in a wire* or the optical scattering
force from a control beam,” with the latter reaching motional temperatures down to 600 uK in one degree of
freedom of a trapped 1.54 um diameter silica particle.



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 w,, the size of the ground state is

20 = V) = (4)

2mw,

For a typical SiOs sphere in a linear quadrupole magneto-gravitational trap with a diameter of 1.5 um and
frequency w, /27 = THz, zgp ~ 2 x 10~ m. In optical traps, the typical size of particles is much smaller at
approximately 150 nm with frequencies typically on the order of w/27 &~ 150 kHz. For a spherical SiOs particle,
by Eq. 4, zg ~ 1.2 x 10712 m. For the cylindrical quadrupole magnetic trap system® with a levitated 2 um
diamond at frequencies of approximately 200 Hz, the zero-point extension is approximately 1.5 x 10712 m.

2.9 Force and acceleration sensitivity

The force sensitivity of a spherical harmonic oscillator of mass m is given by'!

SY? = \/AkpTmT (5)

where I' is the damping rate of the oscillator at temperature 7T'. Since the use of feedback to add cold damping
can at best maintain the product I'T" constant, it cannot improve the force sensitivity. Dividing Eq. 5 by m gives

the acceleration sensitivity.
4kpgTT
S22 = [ZMBS 2 (6)
m

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 x 1072! N over a time of 10° s has been reported.!!
This gives 5117/ > ~ 10718 NHz /2. With the 300 nm diameter SiO particle used, an acceleration sensitivity of

approximately 55/2 ~ 5 x 1072 ms~2Hz /2 can be estimated. An acceleration sensitivity of S;/2 ~ 7.5 X
10~% ms~2Hz~'/? has also been reported? with a larger particle in a vertical beam trap. By multiplying by the

mass of the 4.8 um diameter SiO, sphere, the force sensitivity is S};/Q ~ 10717 NHz /2.

For a 1.5 um diameter SiOs particle in the linear quadrupole magneto-gravitational trap, the damping is
estimated to be I' = 107° s~1.5 From Eq. 5, we get S;ﬂ ~ 10720 NHz /2. The acceleration sensitivity for this
particle is 2% L1076 ms—2Hz /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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