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We report three-dimensional (3D) cooling of a levitated nanoparticle inside an optical cavity.
The cooling mechanism is provided by cavity-enhanced coherent scattering off an optical tweezer.
The observed 3D dynamics and cooling rates are as theoretically expected from the presence of both linear
and quadratic terms in the interaction between the particle motion and the cavity field. By achieving
nanometer-level control over the particle location we optimize the position-dependent coupling and
demonstrate axial cooling by two orders of magnitude at background pressures of 6 x 1072 mbar. We also
estimate a significant (> 40 dB) suppression of laser phase noise heating, which is a specific feature of the
coherent scattering scheme. The observed performance implies that quantum ground state cavity cooling of
levitated nanoparticles can be achieved for background pressures below 1 x 10~7 mbar.
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Laser cooling and trapping is at the heart of modern atomic
physics. In its most basic form, motional cooling of atoms
[1-6] or molecules [7—11] is provided by the total recoil from
both absorption of Doppler-shifted laser photons and the
subsequent spontaneous emission. In contrast, coupling the
motion of a particle to an optical cavity field can be used for
cooling schemes that do not rely on the internal structure of
the particle [12,13]. This is of particular importance for
increasingly complex or massive particles, for which tran-
sitions between internal energy levels become inaccessible.
One highly successful method is to exploit dispersive
coupling inside a driven cavity, where the position-depen-
dent cavity frequency shift induced by the particle provides
an optomechanical interaction. Demonstrations of this effect
include cavity cooling of atomic systems [14—17], as well
as recent experiments in cavity optomechanics that explore
the quantum regime of solid state mechanical resonators
[18-24]. For levitated nanoparticles [25-28], this cooling
scheme is inherently limited by the laser field driving the
cavity. Specifically, large drive powers induce cotrapping by
the cavity field and deteriorate cooling rates [29], while laser
phase noise prohibits ground state cooling at the relevant
nanoparticle trap frequencies [30-33].

A promising alternative is cavity cooling by coherent
scattering from an optical trapping field (Fig. 1). In this case,
a driven dipole (here: the nanosphere) produces scattering
that is coherent with the drive field (here: the optical trap
laser). Scattering of these photons into an initially empty
cavity provides a cooling mechanism [38]. As is usual in
cavity cooling, the proper red detuning of the drive field from
the cavity allows us to resonantly enhance the scattering
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processes that remove energy from the particle motion.
Dispersive coupling schemes also originate in coherent
scattering, where the drive field is the externally pumped
cavity field. There, the interaction with the cavity field is
determined by the scattering cross section with an independ-
ently populated cavity mode, which is typically very small
for levitated nanoparticles. In contrast, in coherent scattering,
a photon can only enter the cavity via the scattering process
that cools the particle motion. Efficient cooling does not
require an additional strong intracavity field, which has the
immediate advantage of lifting the limitations on drive laser
power by cotrapping.

In this Letter, we demonstrate cavity cooling by coherent
scattering for a levitated dielectric nanoparticle along with
its unique features. We report genuine three-dimensional
(3D) cavity cooling, an effect that has thus far only been
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FIG. 1. Different paradigms for cavity cooling of a levitated
nanosphere. (a) Cavity cooling by coherent scattering from an
optical tweezer is based on dipole radiation being emitted into an
empty cavity, giving the best performance for a particle placed at
the intensity minimum of the cavity mode. (b) In standard
dispersive optomechanics, an external laser drives both the cavity
and the scattering. Optimal cooling is at the largest intensity
gradient of the cavity mode.
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demonstrated in one dimension with atoms [39,40]. By
positioning the particle with 8 nm precision along the cavity
axis [29], we can optimize coherent scattering rates. For a
particle placed at a node of the cavity field, we observe axial
cooling factors beyond 100, well described by a simple
theory based on linear and quadratic optomechanical inter-
actions. We estimate that laser phase noise of the coherently
scattered radiation is suppressed by four orders of magnitude,
removing a major obstacle for motional ground state cooling.
Theory.—Consider a nanoparticle that is trapped with
an optical tweezer of waists W, , inside an empty optical
cavity of mode volume V,, (waist w) and at position x
along the cavity axis (Fig. 2). The interaction of the induced
dipole with the local electric field is then to the first
approximation described by the Hamiltonian:

-
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Here, E,, and E_,, are the electric fields of the tweezer
and the cavity mode, respectively (with: e, =

Ay / (260V cay) and €y, = /4Py, /(W W zeoc), the
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FIG. 2. Setup for cooling by coherent scattering. An optical
tweezer is formed by a laser at frequency @y, that is tightly
focussed by a microscope objective (MO) inside a vacuum
chamber (vac). It levitates a nanoparticle at the center of a
high-finesse Fabry-Pérot cavity. Its linear polarization is set by a
half wave plate (1/2). A weak locking beam is derived from the
tweezer laser and drives the cavity resonantly at frequency w,,
allowing w, and @, to be stably locked relative to the cavity
frequency. Four independent detection schemes (I)—(IV) monitor
the particle motion and the cavity field (see main text for details;
PBS: polarizing beam splitter; wy.: heterodyne demodulation
frequency). Inset: The particle is trapped at a position x, relative
to a cavity antinode. Maximal cavity cooling of the x motion by
coherent scattering occurs for x, = 1/4, i.e., at a cavity node.

@,y Particle polarizability a, cavity field operators @' and
a, vacuum permittivity &y, speed of light ¢, wave number £,
and Rayleigh length zjz).

The first term corresponds to the potential energy of the
particle in the optical tweezer. The second term describes
the dispersive interaction of conventional cavity optome-
chanics that couples the particle to the intensity distribution
of the cavity field. It is maximized at cavity positions of
maximal intensity gradient [24,41-43]. The third term is
the interference term between the tweezer and cavity field,
and it represents the coherent scattering interaction [39,40].
When the tweezer frequency approaches a cavity reso-
nance, the cavity mode density alters the emission spectrum
of the dipole radiation and cavity-enhanced coherent
scattering can occur [38]. It has several unique features.
First, due to the directionality of the scattered dipole
radiation, the interaction strength strongly depends on
the polarization of the trap laser. Coherent scattering is
driving the cavity through E (0) = ae €y sin6/(21),
where 6 is the angle between the polarization vector and
the cavity axis. A linearly polarized trap laser with 0 = 7/2
maximizes the overlap of the dipole radiation pattern with
the cavity mode. Second, the interaction scales with the
local field strengths of both optical trap and cavity. For
cavities with a large mode volume, the focused trap laser
significantly boosts the interaction strength, specifically
with €y /€cay x wo/W,, when compared to dispersive
coupling. Finally, the interaction is linear in the cavity
electric field, which to the first order yields the optome-
chanical interaction [33]:

—= = E4(0) cos kxo(a" + a) —iE (0)k cos kxy(a’ — a)z
+ E4(0)ksinkxo(a" + a)(ksin@ + Hcosh).  (2)

Here, X and j refer to the particle motion relative to the
trap laser polarization. The coupling rates g¢j—., .} &
E,(6)kj.,; formed from Eq. (2) depend on polarization
(0) and particle position (xy). The optimal position for
cavity cooling of the x/y motion is at the cavity node
(| sin kxg| = 1), which is well known for the light-atom
interaction inside a standing wave [17,40,44,45], and it is in
stark contrast to cooling via the dispersive coupling of
standard cavity optomechanics. Intuitively, the particle
acts as an intracavity emitter. At the cavity node, i.e.,
the intensity minimum of the cavity standing wave, no
emission can occur due to the destructive interference
of the scattered light. The intracavity photon number
Npnot = E5(0)cos?kxg/ ((k/2)* + (0 — ®cay)?) is accord-
ingly zero (k: cavity linewidth). The particle motion along
the cavity axis, however, results in directional photon
scattering into Doppler-shifted (Stokes and anti-Stokes)
motional sidebands, which do not interfere. As a conse-
quence, the light scattered into the cavity will consist only
of Stokes (heating) and anti-Stokes (cooling) photons, with
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an imbalance in the scattering rates created by the cavity,
and leading to cooling of the x motion [40].

On the other hand, due to the z motion along the tweezer
axis, the particle experiences a phase-modulated drive field.
In other words, the motional sidebands for the z direction
are already imprinted in the spectrum of our coherent
emitter, with a maximum emission and hence a scattering
rate at the cavity antinode (| cos kx,| = 1). A proper choice
of both particle position and tweezer polarization therefore
allows us to achieve genuine 3D cavity cooling.

Experiment.—The experimental setup is shown in
Fig. 2. A microscope objective (NA 0.8) and a near-
confocal high-finesse Fabry-Pérot cavity (Finesse F =
73.000, linewidth x=2zx193kHz, length L=1.07cm,
waist wy = 41.1 ym, and resonance frequency w.,,) are
mounted inside a vacuum chamber. The microscope
objective focuses a 1064 nm laser (frequency w, =
Weay — A, power P, ~0.17 W) to a waist of W, =
0.67 ym and W, ~0.77 ym, forming an optical tweezer
that traps silica nanospheres (specified radius 71.5 nm).
The trap is elliptical in the transverse plane with non-
degenerate mechanical frequencies (Q,,Q,,Q.)/27 =
(190, 170, 38) kHz. The microscope objective is mounted
on a three-axis nanopositioner with a step size of approx-
imately 8 nm. To control the detuning A between the
optical trap laser and the cavity resonance frequency, a part
of the trap light is frequency shifted to w; = @ —
FSR — A, and it weakly pumps the optical cavity [free
spectral range (FSR) = 27 x 14 GHz]. It provides a lock-
ing signal that enables the source laser for the optical
tweezer to follow the freely drifting Fabry-Pérot cavity. The
locking laser and the optical tweezer address different
cavity resonances such that the mode populated via
coherent scattering is initially empty.

The experiment has four detection channels [Fig. 2(b)].
Direct detection of the particle motion in all three directions
(I) is obtained in forward scattering of the optical tweezer
[46]. Homodyne detection of the locking laser in cavity
transmission (II) allows for a standard optomechanical
position detection along the cavity axis. This is used to
align the particle with respect to the cavity field without
relying on the coherently scattered light. We also directly
measure the power of the coherently scattered photons into
the optical cavity (III) by monitoring the field leaking out of
the left cavity mirror. Finally, a spectrally resolved char-
acterization of these photons is enabled by a heterodyne
detection of the emission from the right cavity mirror (IV).

Polarization dependent cavity cooling.—The effect of
cavity-enhanced coherent scattering depends on the polari-
zation of the optical tweezer. We investigate cooling by
coherent scattering for three linear polarization angles
0=0, 0 = /4 and 0=rx/2. We record the particle motion
using direct detection [Fig. 2, (I)]. For these measurements
the particle is positioned at the maximum intensity gradient
of the empty cavity mode (x, = 4/8) [33] such that cooling

by coherent scattering affects all motional axes. For each
polarization, we compare the cooled motion obtained at a
trap laser detuning A/2z=300kHz to an uncooled motion
obtained at a far detuning A/2z = 4 MHz.

Initially, we set the trap laser polarization along the
cavity axis (@ = 0) by minimizing the scattering into the
empty cavity mode [Fig. 3(a)]. For perfect polarization
alignment, a complete suppression of this scattering would
be expected. We achieve a suppression by a factor of 100,
limited by the alignment between tweezer and cavity axes
[33]. The resulting coherent scattering is responsible for
modest cavity cooling of the y and z motion. For § = z/4
[Fig. 3(b)], all directions of motion are coupled to the cavity
mode with rates g;/27z = (20,30, 71) kHz, and we observe
genuine 3D cooling by coherent scattering. Rotating the
polarization to @ = z/2 [Fig. 3(c)] optimizes cooling of the
x and z motion. Cooling of the y motion is explained by a
slightly elliptical trap polarization, with inferred coupling
rates g;/2mw = (42,16,94) kHz.
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FIG. 3. Polarization dependent cavity cooling. Shown are the

noise power spectra (NPS) measured with direct detection (I) for
a particle located at x, = 1/8, to couple all three directions of
motion, and for three different tweezer polarizations as illustrated
on the right panel. The red arrow indicates the polarization. The
sketch also indicates the transverse optical tweezer potential (grey
ellipse) and the dipole emission (red ellipses). NPS in each panel
have been obtained along the tweezer axis (z, blue) and in its
transverse directions (x, red; y, green). Cooling measurements are
performed with a tweezer detuning close to the mechanical
frequency (A = 2z x 300 kHz, bright color). Measurements at
large detuning (A = 2z x 4 MHz, dark color) serve as reference
for no cooling (see main text). (a) At & =0 no cooling is
observed, because polarization along the cavity axis suppresses
scattering into the cavity. (b) At § = /4 full 3D cavity cooling
by coherent scattering is observed, since the cavity axis does not
coincide with a principal axis of the optical tweezer. Cooling both
broadens the spectra and reduces the overall area, while the
mechanical frequency is shifted due to an optical spring. (c) For
6 = 7/2 scattering into the cavity is maximal, as is the cooling
along the cavity axis (x) and the tweezer axis (z).
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FIG. 4. Position dependent cavity cooling. Shown are relative coherent scattering powers P/ P, (top), mechanical damping rates y
(middle) and inverse cooling factors T.s/T, (bottom) for different particle positions x, along the cavity axis and at background
pressures of p = 4 mbar (left) and 0.06 mbar (right). Top panel (a),(d): Coherent scattering into the cavity mode. The black line is a fit to
the data following the cavity standing wave. The scattering is minimal (maximal) for a particle placed at the node x, = 1/4 (antinode
Xxo = 0) of the cavity field. Middle panel (b),(e): The damping y.¢ of the nanoparticle motion is obtained via the width (FWHM) of the
NPS for the x axis (red) and z axis (blue). Bright colors indicate measurements with cavity cooling (A/2z = 400 kHz), dark colors
without cooling (A/2z = 4 MHz). The grey line shows the theoretically predicted gas damping y,,,, which agrees with the damping
observed in the absence of cooling. As expected, maximal damping along the x (z) direction is obtained for minimal (maximal) coherent
scattering powers at x, = 4/4 (xo = 0), as predicted by our theoretical model (solid line; see main text). Bottom panel (c),(f): The
effective mode temperatures 7. are obtained by NPS integration (see main text). As expected for both directions, maximum damping
implies maximal cooling. Purely linear coupling would result in a maximum temperature of 7/ T = 1 (grey line). A theoretical model

that also includes quadratic coupling matches the data very well without free parameters (dashed lines).

Position dependent cavity cooling.—We set the polari-
zation angle @ = z/2 to maximize the scattering into the
cavity mode. The cooling performance is now measured at a
detuning of A /27 = 400 kHz. We move the particle in steps
of ~20 nm along the cavity axis at pressures of p = 4 mbar
[Figs. 4(a)-4(c)] and p = 0.06 mbar [Figs. 4(d)-4(f)]. The
particle position is deduced from the scattered power
[detector III, Figs. 4(a),4(d)] and independently confirmed
by the homodyne (II) and heterodyne detection (IV) [33].
The maximal effective damping y%; (y5;) of the particle
motion is observed at the cavity node (antinode), in agree-
ment with theory [Figs. 4(b),4(e)]. This is a unique signature
of cooling by coherent scattering. We fit the mechanical
damping by a simple model y’e‘f[? = Ymin + (Ymax = Ymin) X
sin? kxg[cos? kx,), yielding the optical linear damping rate
(yﬁgl( — Veas)/27 = 10[6.2] kHz. From this we are able to
extract the maximal coupling rates g, = 2z x 60 kHz and
g. = 2z x 120 kHz for the respective optimal particle posi-
tions, yielding a cavity drive E;/2x = 2.5 x 10° Hz. For
comparison, the cavity drive required to reach the same
coupling rate g, in the dispersive regime is ES™ /27 =
4.2 x 10'° Hz, which corresponds to an intracavity photon
number that is larger by a factor of (E™F/E,)? ~ 280. The
position dependent coupling of coherent scattering provides
an additional suppression of 7. At the optimal position

for axial coupling, i.e., in the proximity of the cavity
node, we observe a reduction of ny, by a factor of ~50
[Figs. 4(a), 4(d)]. As a direct consequence, our coherent
scattering scheme suppresses phase noise heating of the
particle motion by a factor of 1.4 x 10* compared to a
driven cavity. In a 3D cooling configuration, the suppression
factor is still on the order of 60 [33].

We obtain the effective mode temperatures of the x and z
motion T%; and Ty from the area underneath the noise
power spectra and normalized to the bath temperature T,
measured without cooling [Figs. 4(c),4(f)]. At p=0.06 mbar,
we observe temperatures below T’y even where no cooling is
expected according with the model discussed so far. For the
x motion, including a quadratic interaction with an average
temperature T/ T5|quad = 0.11 [33,47] yields good agree-
ment with the experimental data. The strong cooling of the
z motion is mostly due to a small angle between the tweezer
axis and the z.,,-axis, resulting in a projection of the z motion
onto the cavity axis. For comparison, the dashed line in
Figs. 4(c),4(f) is based on a theoretical model that includes
the linear and, in case of the x motion, quadratic interac-
tion [33].

Conclusion.—We have conducted a systematic experi-
mental study of cavity cooling by coherent scattering and
demonstrated genuine 3D cavity cooling, making cavity
cooling self-sufficient for experiments in ultrahigh vacuum.
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Maximizing the cooling along the cavity axis, we obtain
coupling rates of g,=27x60kHz and g, =27x120kHz.
The position of optimal axial cooling comes with more than 4
orders of magnitude suppression of laser phase noise heating,
thus removing the major obstacles for motional ground state
cooling in levitated cavity optomechanics. Currently, we

achieve a minimal temperature of 7' ~ 1 K, mainly limited

by the modest vacuum pressure of p = 6 x 102 mbar.
Given our sideband resolution we expect an axial phonon
number of ™" = (k/(4Q,))? + ke /(4g%) = 0.16 when
operating the experiment in the recoil-limited regime
(p ~ 1077 mbar) [33,48]. As a new method for levitated
particles, the coherent scattering as presented here can
enable still stronger coupling rates using higher power in
the optical tweezer and larger particles. This opens the path
to the regime of ultrastrong coupling where the coupling rate
exceeds both mechanical frequency and cavity decay rate,
giving rise to novel quantum optomechanical effects [49,50].
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Note Added.—We recently became aware of similar work
done by Windey et al. [51] and Gonzalez-Ballestero et al.
[52].
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