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All-optical sub-Kelvin sympathetic cooling of a
levitated microsphere in vacuum
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We demonstrate all-optical sympathetic cooling of a laser-
trapped microsphere to sub-Kelvin temperatures, mediated
by optical binding to a feedback-cooled adjacent parti-
cle. Our study opens prospects for multi-particle quantum
entanglement and sensing in levitated optomechanics.
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Single, levitated mesoscopic objects are providing an excellent
platform for sensing weak forces [1] and exploring the classical—
quantum boundary with massive objects [2] due to their weak
coupling to the environment and the ability to cool their center of
mass (CoM) motion. Intriguing possibilities have been proposed
for interacting systems comprising multiple levitated particles,
including quantum gravity measurements [3], dark matter detec-
tion [4], and quantum friction measurement [5], although there
are currently few experimental demonstrations trapping multiple
particles [6-9].

The path to systems of interacting, massive quantum objects
requires simultaneous cooling of multiple trapped particles.
We take inspiration from experiments with cold neutral atoms
[10] and atomic ions [11], where an actively cooled object can
be used to sympathetically cool another. Recently, sympathetic
cooling of two charged particles held in a Paul trap was shown
[8]. While Coulomb forces provide strong interactions between
particles, they also couple strongly to the environment. Hence, an
all-optical alternative is desirable, especially for compatibility with
state-of-the-art ground state cooling methods [2].

Towards this goal, we have developed an optical tweezers
system [Fig. 1(a)] that can trap more than one particle, mediate
inter-particle separation, and perform parametric feedback (PFB)
cooling [12] on one particle. Two rotating microparticles confined
in separate but close-proximity traps exhibit optical binding, a light
scattering mediated interaction whose strength is dependent on the
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Fig. 1.  Sympathetic cooling scheme and numerical simulations.
(a) Optical binding couples the center-of-mass motion of two micro-
spheres (depicted as a spring between the particles). When feedback
cooling is applied to the left particle, the right particle is sympathetically
cooled. (b), (c) Time evolution of simulated center-of-mass tempera-
tures 7; (solid lines) and 7; (dashed lines) for the feedback-cooled and
sympathetically cooled particle, respectively, versus gas pressure for
(b) £/k =0.01 and (c) £/k =0.1. (d) Simulated steady-state temper-
atures 77 (blue) and 7; (red) as a function of gas pressure for different

binding strengths.

inter-particle separation [6]. We show, for the first time, the use of
this optical binding to perform sympathetic cooling: by applying
PFB cooling to one particle, the adjacent particle is sympathetically
cooled to sub-Kelvin temperatures.

We modeled the motion of two particles, optically bound along
the x axis and labeled j =1, 2, using a Langevin equation for each
particle [6]. The deterministic forces acting on the particles along
the x axis are F/; = —«kx; + &x3_ ;. Here, « is the trap stiffness for
each individual particle, and & describes the inter-particle cou-
pling due to optical binding. The ratio &/« (typically x 2 0.1 for
vaterite microspheres) characterizes the optical binding strength.
To the above system of Langevin equations, we added PFB cooling
applied to particle j =1 using the theoretical approach of Ref.
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[13]. PFB cooling in this case involves time-dependent modu-
lation of the trap stiffness experienced by particle j =1, and is
characterized by the ratio n = Ak /k (typically < 0.05), Ak being
the modulation depth.

Figures 1(b) and 1(c) show the time evolution of the simu-
lated CoM temperatures for different binding strengths. PFB
cooling decreases 77 (solid lines); both the final temperature and
the time to reach steady state depend on the pressure, due to the
competition between PFB cooling and reheating from collisions
with gas molecules. We quantify the sympathetic cooling effect
using a measure of the temperature defined here as the ratio of the
mean square displacement relative to that at room temperature.
Temperatures below 1 K are attainable at 0.001 mbar gas pressure.
Similarly, the steady-state temperature of the sympathetically
cooled particle, 7; (dashed lines) depends on competition between
sympathetic cooling and gas reheating. While the steady-state
temperature is lowered for both optical binding strengths shown,
for weak binding [Fig. 1(b)] with & /k = 0.01, the particles do not
equilibrate, and 75 > 77 at higher gas pressure. In contrast, for
stronger optical binding [Fig. 1(c)] with £/k =0.1, T, ~ 7] at
all pressures below 1 mbar. Both particles can be cooled to below
1 K at 0.001 mbar gas pressure. Figure 1(d) depicts steady-state
CoM temperatures 7; (blue) and 73 (red) for PFB cooled and
sympathetically cooled particles, respectively, for different binding
strengths & /x.

In our experiment, a continuous-wave (CW) laser at 1070 nm
is used to create two circularly polarized optical traps (formed using
a Nikon 100x, NA = 1.25 objective, total optical power 25 mW)
inside a vacuum chamber. The intensity of one of these traps is
controlled by an acousto-optical deflector (AOD, IntraAction
DTD-274HD6M) to allow PFB cooling. The position of the
second trap, which holds the sympathetically cooled particle, is
controlled by a spatial light modulator (SLM, Hamamatsu LCOS
X10468-03) to set the optical binding strength. Two birefringent
vaterite microspheres (2.2 pm in radius) are trapped at 9.8 pm
separation, where &/k 2 0.1. An avalanche photodiode (APD,
Thorlabs APD410C) measures the CoM motion of only the
particle in the AOD trap. The APD signal is processed by alock-in-
amplifier (Zurich Instruments HF2LI) to modulate the AOD trap
intensity by < £5% to realize PFB cooling of the CoM motion
of this particle [12]. The sympathetically cooled particle’s CoM
motion is measured by a photomultiplier tube (PMT, Thorlabs
PMMO1) using a separate CW beam at 532 nm.

Figure 2(a) shows the power spectral densities (PSDs) associated
with the CoM motion of the sympathetically cooled particle. The
area under the PSD curve is proportional to the CoM temperature,
which decreases as gas pressure lowers. Figure 2(b) shows the exper-
imental results of the two particles’ CoM temperatures depending
on gas pressure: one cooled by PFB control (blue crosses) and
the other sympathetically cooled via optical binding (red aster-
isks). We also show the baseline temperature for a single particle
without PFB cooling (black dashed line). CoM temperatures are
calibrated at room temperature with a gas pressure >10 mbar
without PFB. Both particles undergo significant cooling as the
pressure is reduced below ~0.1 mbar. In this regime, the rota-
tion rate far exceeds the translational oscillation frequencies, and
heating effects associated with resonant rotational—translational
coupling are removed [14]. Both the PFB cooled particle and the
sympathetically cooled particle can be seen to be cooled by two
orders of magnitude compared to the baseline. While the lowest
temperature of <1 K agrees with the predictions in Figs. 1(b)—
1(d), non-conservative azimuthal forces can have significant effects
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Fig. 2.  (a) Experimental observations of power spectral density of

the sympathetically cooled particle at different gas pressures. These tem-
peratures are measured while the PFB cooled particle is at 7=105 K,
9.8 K, 1.1 K, and 0.4 K for each gas pressure. (b) Sympathetic cooling
of a microsphere (red asterisks) via optical binding to the particle that is
PFB cooled (blue crosses). The dashed line is a baseline curve for a single,
rotating microsphere in the absence of PFB cooling. Inset: two trapped
vaterite microspheres, where the scale bar shows 5 pm.

on the dynamics of rotating levitated particles [15], and a more
detailed model will be the subject of future work.

In summary, we demonstrate all-optical sympathetic cooling of
optically trapped microspheres to sub-Kelvin motional tempera-
tures. In principle, future work with lower pressures and detection
noise should allow the particles to be cooled even further. Such
simultaneous cooling is a significant step towards the generation of
cooled arrays of optically trapped particles, which will allow multi-
particle studies at the quantum-—classical boundary, including
rotational quantum friction [5].
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