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A levitated nanomechanical oscillator under ultrahigh vacuum is highly isolated from its environment. It
has been predicted that this isolation leads to very low mechanical dissipation rates. However, a gap persists
between predictions and experimental data. Here, we levitate a silica nanoparticle in a linear Paul
trap at room temperature, at pressures as low as 7 x 107! mbar. We measure a dissipation rate of
27 x 69(22) nHz, corresponding to a quality factor exceeding 10'°, more than 2 orders of magnitude
higher than previously shown. A study of the pressure dependence of the particle’s damping and heating
rates provides insight into the relevant dissipation mechanisms.
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The center-of-mass motion of a silica nanoparticle has
recently been cooled to the quantum ground state [1-6],
opening up the possibility to prepare nonclassical motional
states of levitated objects consisting of billions of atoms [7].
However, a prerequisite to prepare and analyze such exotic
states—and to exploit them for applications in sensing,
transduction, or tests of fundamental physics—is a low-
dissipation environment that preserves quantum coherence.
For clamped nanomechanical oscillators, dissipation has
been suppressed through engineering geometry and strain,
resulting in quality factors above 10'° [8—11]. For levitated
objects, in contrast, collisions with background-gas mole-
cules are typically the dominant source of dissipation
[12—14], and thus the route to suppressing dissipation lies
not in materials engineering but in reducing the pressure. It
has been estimated that damping rates of 2z x 200 nHz and
quality factors of 3 x 10'? can be achieved in ultrahigh
vacuum (UHV) [15].

Direct measurements of dissipation are crucial for
levitated particles because additional heating and damping
mechanisms become important as the pressure is reduced; it
can no longer be assumed that gas damping dominates.
Light scattering is of particular concern: for a particle
confined in an optical tweezer, dissipation due to radiation
damping already dominates over gas damping at high-
vacuum pressures [16-19]. Quality factors of 10% have
been reported for an optically trapped nanoparticle [20].
Electrical and magnetic traps are not compromised by
light-induced decoherence, and for nanoparticles in such
traps, quality factors of 2.6 x 107 and dissipation rates of
27 x 0.59 pHz have been reported [21-25].

Here, using a nanoparticle confined in a linear Paul trap
in UHV, we measure an ultralow dissipation rate of 2z x
69(22) nHz and a record quality factor of 1.8(6) x 10'°.
These values pave the way for detection of forces and

0031-9007/24/132(13)/133602(7)

133602-1

electric fields with sensitivities comparable to or surpassing
the current benchmarks set by trapped atoms [26,27].
Moreover, the low pressure demonstrated here is a key
condition to test wave-function-collapse models [28,29]
and to engineer long-lived quantum states of motion of
macroscopic mechanical oscillators [15,30,31]. In light of
these goals, we characterize the noise environment in UHV,
identifying the most likely noise sources.

Our primary goal is to investigate damping of the particle’s
motion as a function of pressure. Experiments are conducted
in a vacuum chamber in which we vary the pressure from
7 x 10~!" mbar to 10~* mbar. To increase the pressure from
its minimum value, we limit the effective pumping speed of
the chamber’s combination pump (a nonevaporable getter
and an ion pump) by partially closing a gate valve. With the
valve fully closed, we reach 10~ mbar in one day. To
decrease the pressure back to UHV, we first reach 10~ mbar
with a turbomolecular pump. We then open the gate valve and
pump with the combination pump to below 107! mbar. With
this room-temperature setup, we expect that pressures one
order of magnitude lower can be reached [32].

The silica particle used for the measurements presented
here was loaded at 10~ mbar via laser-induced acoustic
desorption and temporal control of the Paul-trap potential
[33]; these methods allow us to load particles over a range of
pressures down to UHV. The particle has charge g =
+300(30) e and a nominal diameter of 300 nm; however,
since we measure a mass m = 4.3(4) x 10717 kg that is
twice the mass of particles previously loaded from the same
source [34,35], it is likely that the particle is a cluster of two
nanospheres with a somewhat larger size. The particle’s
motion is detected optically [Fig. 1(a)]: a 780 nm laser beam
with a power of 21 mW is focused with a waist of 300 pm on
the particle; a lens collects the scattered light. Two methods
are used to extract information from the collected light about
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FIG. 1. Particle trapping and detection. (a) Schematic of the
ultrahigh-vacuum (UHV) setup and detection schemes. A nano-
particle is detected in two ways: it is imaged with a camera, and
its position is measured with an avalanche photodiode (APD)
using a confocal technique. The camera inset shows particle
images before and after excitation, as well as position histograms.
The APD inset shows a time trace of the particle’s position.
(b) Camera snapshots of the particle with decaying oscillation
amplitude at P = 5.4 x 10~% mbar. Scale bar: 20 pm.

the particle’s motion: confocal detection realized with a fiber-
coupled avalanche photodiode (APD) [36—39], and imaging
of the particle on a CMOS camera [24]. We use the APD
method to track the particle’s position in real time. A typical
APD signal is shown in an inset of Fig. 1(a). With the camera,
we measure the oscillation amplitude averaged over the
camera acquisition time. Compared to the APD method, the
camera method has lower spatial and temporal resolution but
offers a larger field of view, allowing us to measure particle
amplitudes up to hundreds of micrometers. Moreover, the
camera detection is more resilient to drifts in the optics
alignment and laser power, making it possible to perform
days-long measurements.

To modify the particle’s motion, we apply electrical
forces by supplying a suitable voltage to the trap electrodes
[34]. To reduce the particle’s amplitude, we apply feedback
based on the real-time APD detection; to increase the
amplitude, we apply a sinusoidal driving force at the
mechanical resonance frequency of the trapped particle.
An inset in Fig. 1(a) shows images of the feedback-cooled
particle and the driven particle.

For measurements of the particle’s damping, we focus on
motion along the trap’s z axis, for which dc voltages
provide confinement. We choose this axis because here the
particle is less susceptible to noise of the ac trap drive [40].
The equation of motion 7 + yz + Q2z = (1/m)Fy, [41]
describes the particle’s position, where y is the damping
rate, which is proportional to the background pressure P
[13,19]; Q./27x = 1.28 kHz is the oscillation frequency;
and Fy, is the stochastic force due to thermalization with
the environment. Here we assume that 7, dominates over
all other stochastic forces, such as those due to laser,
electronic, and displacement noise.

We determine y using two methods. The first method,
ring-down, consists of measuring the amplitude relaxation

(z(1)?) = (2(0)?)e™", (1)

where Eq. (1) holds when the viscous force dominates over
Fn» such that the particle follows a deterministic trajectory.
Figure 1(b) shows images from a relaxation experiment.
While a particle with large motional amplitude is prone to
trap anharmonicities, the ring-down method is insensitive
to them [42]. The second method, ring-up, consists of
preparing the particle at a low temperature Ty, via feedback
cooling, then switching off cooling and measuring the
particle’s thermalization with background gas at room
temperature T,. When Fy, dominates over the viscous
force, the particle follows a stochastic trajectory in time.
Averaging over an ensemble of such trajectories allows us
to obtain the mean energy [41]

(E(1)) = kgTo + kp(Tp, — To)e™". (2)

from which we extract y. We use the ring-down method
because it allows us to characterize the damped harmonic
oscillator in a single measurement. We use the ring-up
method for two reasons: first, a fit to Eq. (2) for data taken
under low vacuum (i.e., in thermal equilibrium) establishes
a calibration between the APD voltage and the energy
kgT . We use this calibration to obtain 7'y, [43]. Second, we
compare the heating rate determined from the ring-up
method with the rate expected from thermal noise, in order
to determine whether nonthermal noise sources play a
significant role at UHV.

In a first set of measurements, we analyze how y changes
when P is varied. We extract y with a ring-up measurement at
P, = 1.2 x 10~* mbar and with ring-down measurements at
P, =5.4x 1078 mbar, P; =5x 10" mbar, and P, =
7 x 10~'! mbar. At P,, the particle is prepared at Ty, =
1 K and monitored with the APD during thermalization for
10 s. This sequence is repeated 400 times. For each repetition,
we square the position data and average them over 0.1 s. This
procedure determines the particle’s energy with a 10 Hz
sampling rate, much faster than the expected ring-up rate of
~1072 Hz. In Fig. 2(a), we plot the energy traces together
with their ensemble average. We then fit the ensemble
average with Eq. (2), under the assumption that the particle
thermalizes at 7y = 300 K [23,33,41]. From this fit, we
extract yp, = 27 x 37(9) mHz.

For the ring-down measurements at pressures P,, P5, and
P, the particle’s motion is initially excited to an amplitude
of hundreds of microns, and the subsequent relaxation is
measured with gated camera imaging. The particle is
illuminated only for the camera measurement time, 1 s
for each acquisition, so that the particle’s motion is
minimally influenced by the laser, e.g., due to radiation
damping or force noise induced by power fluctuations [19].
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FIG. 2. Measurements of the damping rate y. (a) Ring-up
measurement at P, = 1.2 x 10~ mbar. Gray: 400 individual
data traces. Three examples are highlighted in dark gray. Black:
ensemble average. Red: fit of the ensemble-averaged data with
Eq. (2), where Ty, is fixed to 1 K. The dashed line t = t5, = 0.5 s
indicates the time at which feedback cooling is switched
off. (b) Ring-down measurement at P, = 5.4 x 1078 mbar,
(c) P3 =5x107° mbar, and (d) P, = 7 x 10~!! mbar, with a
logarithmic scale used for the ordinate axis. Error bars on the data
are smaller than the diamond symbols; they correspond to the
uncertainty in determining amplitudes from camera images. Solid
lines represent fits with Eq. (1) in logarithmic scale, with (z(0)?)
and y as fit parameters. Light shaded regions indicate 1o error
bars on fit parameters. Fits for higher pressures are reproduced in
the lower-pressure plots for comparison.

Figures 2(b)-2(d) show the normalized squared amplitude of
the particle’s motion as a function of time, measured at P,,
P;, and P,. A fit of the data with Eq. (1) yields
vp, = 21 x 59(2) pHz, yp, = 27 x 5.9(2) pHz and yp, =
27 x 69(22) nHz. At the lowest pressure, Py, the uncertain-
ties associated with camera detection are much smaller than
the residuals of the exponential fit, indicating that Eq. (1)
does not fully capture the particle’s dynamics [43]. This
would occur if the viscous force were not dominant. The
viscous force is 3 orders of magnitude larger than F, under
the assumption that F, is due to background-gas collisions
at room temperature. However, we cannot rule out the
possibility that F, is dominant: under high vacuum, the
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FIG. 3. Quality factor of the levitated oscillator. (a) Damping
rate y as a function of pressure. Error bars for y represent the
uncertainty of the fit parameter, while error bars for pressure
represent the imprecision of the pressure gauge. Error bars are
smaller than the diamond symbols. Colors indicate the corre-
sponding fits in Fig. 2. The solid line shows a linear fit y/(27) =
aP to the data in logarithmic scale, where the parameter a
depends on the particle and the background gas properties
[13,19]. Since non-negligible uncertainties are present in both
y and P, we use a total least squares regression to fit the data [51].
The fit yields a = 0.9(2) kHzmbar~!. See Ref. [43] for a
comparison with theory. (b) Quality factor at four pressures.
Error bars are propagated from the uncertainties of y shown in (a).
The solid line represents the function Q = Q_/(2zaP), where a
is obtained from the fit in (a). Dashed lines indicate values for the
product Qf,, where f, = Q_/(2x) is the oscillation frequency.

equilibrium temperature of a nanoparticle in a Paul trap has
been shown to vary inversely with pressure due to noise on
the trap electrodes [23]; furthermore, the noise seen by a
particle oscillating over hundreds of micrometers may be
significantly higher than for a localized particle [52]. A
second possibility is that the particle’s dynamics were
disrupted by infrequent spikes in electronic or vibrational
noise, which could explain the bimodal distribution of the
residuals.

In Fig. 3(a), we plot y determined from the fits of Fig. 2
for different pressures. The data are consistent with a linear
model y & P, from which we infer that at pressures as low
as P4, damping is still dominated by background-gas
collisions. In Fig. 3(b), we plot the quality factors
0 = Q,/y. The highest value for Q, obtained at Py, is
1.8(6) x 10'°, corresponding to 2.4(7) x 10'* for the
Q-frequency product, a benchmark for optomechanics in
the quantum regime [53]. A second set of data at P, yields
Q = 3(2) x 10'° for different trap parameters [43].

The ultrahigh quality factors and low dissipation dem-
onstrated here open up the possibility to use levitated
particles in Paul traps for force sensing and tests of
quantum mechanics. For such applications, it is important
to quantify both the frequency stability and the heating rate
of the nanoparticle oscillator in UHV. To this end, we
calculate the Allan deviation to characterize the frequency
stability. We record a time trace of the particle’s position for
t; = 600 s and extract the particle frequency as a function
of time via a phase-locked loop in postprocessing. For this
measurement, the particle evolves freely in the Paul-trap
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FIG. 4. (a) Allan deviation of the particle oscillation frequency

at pressure P,. Lines connect neighboring data points. Error bars
represent the standard error of the frequency mean. Inset:
frequency drift as a function of time. (b) Heating-rate measure-
ments at P, for continuous (blue) and stroboscopic (red)
illumination of the particle with the detection laser. Error bars
on the stroboscopic measurements represent the standard
deviation of individual temperature measurements. The dashed
line t = ty, = 5 s indicates the time at which feedback cooling is
switched off. The dark-blue line is a fit to the data for continuous
illumination, the slope of which yields the heating rate
[t = 3.3(2) x 10* phonon/s. The fit for stroboscopic illumi-
nation is not shown since it coincides with the fit for the
continuous case.

potential at pressure P4. From the discrete frequency time
trace, we determine the Allan deviation as

1 1 N(T)_ B 1/2
R R DU/ RN

with f, = Q./(2x); N(z) = [t;/7] the number of intervals,
where [a/b] represents integer division; and f the average
frequency in the kth interval of duration z. The results are
shown in Fig. 4(a). For an optimum averaging time
Topt = 20 s, a fractional frequency fluctuation of 6(7,y) =
2x 107 is achieved. For comparison, one expects a

thermally limited value [54] of o(zoy) = 1/1/0Q.7op =
2 x 1078, which we do not reach due to inefficient
detection [55] and mechanical frequency fluctuations. For
larger values of 7, ¢ increases due to drifts of the particle’s
frequency. We extract a linear drift rate of ~8 x 1078 Hzs™!.
Possible causes of the drift include nonlinearities of the
confining potential, fluctuations in trap-electrode voltages,
and fluctuations in the detection-laser power.

In a final set of measurements, we determine the nano-
particle’s heating rate to quantify the noise environment,
which is assumed to be white over the ultranarrow bandwidth
of the oscillator. We carry out a ring-up measurement at Py:
The particle is prepared at T, = 0.8 K, which we assume
corresponds to a thermal state. Next, feedback cooling is
turned off and the particle’s position is monitored for 200 s
with continuous laser illumination. This sequence is repeated

100 times. As the 1/e ring-up time expected from yp, is
approximately one month, we expand Eq. (2) to first order
in time

<E(f)> = kBbe + kB(T() — be)}/[
~ kBbe + kBTo}’t, (4)

which corresponds to a heating rate 'y, = kgToy/(RL2,),
assuming that the force noise is dominated by gas collisions.
From the averaged data [Fig. 4(b)], we extract a rate
poright _ 3.3(2) x 10* phonon/s. In comparison, our ring-
down measurement predicts arate [y, = kgToyps/(RQ;) =
2.1 x 10% phonon/s, 16 times smaller than our measured
value.

From the ring-up measurement, we infer that background-
gas recoil is not the dominant noise source. One possible
noise source is the detection laser; to exclude this, we rerun
the heating-rate experiment in the dark. In this case, the laser
is turned on only during the first 5 s of each ring-up in order to
initialize the particle via feedback cooling, and for 500 ms
every 20 s in order to stroboscopically measure the particle’s
energy during its free evolution. The results of this meas-
urement are also plotted in Fig. 4(b); we extract a rate
[dark — 3.1(8) x 10* phonon/s, consistent with the rate
determined under continuous illumination, from which we
deduce that the laser does not play a significant role.

A second possible stochastic-force source is electric-field
noise, due to fluctuations in ac and dc drive fields, Johnson
noise, or coupling between the particle’s secular motion and
micromotion. From 'k we extract a white force-noise
spectrum S;; = 4mhQ I8k =4 x 1072 N> Hz™! acting
on the particle. If S, is dominated by electric-field noise, we
can determine the electric-field-noise spectrum: Sgp =
S¢r/q* = 1.7x 107 (V/m)?Hz™!, equivalent to an elec-
tronics voltage noise of S, = d+/Sgz = 38 nV/y/Hz, where
d = 0.92 mm is the particle-to-electrode distance. For com-
parison, Vinante et al. estimate that S, = 10 nV/+/Hz is
around the threshold of what can be achieved without
extraordinary engineering efforts [29]. Thus, if the electric
field is the dominant noise source, we have room for
improvement. But reducing S, to this threshold value would
still yield a heating rate slightly larger than I'y,; to suppress
electric-field noise further—in particular, for future experi-
ments at even lower pressures—we could reduce ¢.

A third possibility is displacement noise due to trap
vibrations. If S is dominated by displacement noise [56],
we infer a vibration energy density S, = 2AI%K
(zmQ3) = 9.5 x 1072 m*Hz~!. We have measured S, at
the vacuum chamber to be 2 x 1072 m?> Hz™!, suggesting
that displacement noise may be dominant [43]. To discrimi-
nate between electric and displacement noise, it will be
sufficient to study the dependence of '8k on ¢, since "4k is
independent of ¢ for displacement noise. It has been argued
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that vibrational noise can be suppressed to negligible values
in experiments with levitated nanoparticles [29]. Two other
possible noise sources are discussed in Ref. [43].

In conclusion, with a levitated nanoparticle, we have
realized a mechanical oscillator with a quality factor of
1.8(6) x 10'°, determined from the damping rate of the
particle’s oscillations at 7 x 10~!! mbar. At this pressure,
the calculated collision rate with background-gas molecules
is 1.1 kHz, that is, on average, one molecule collides with the
particle every 1.2 oscillation cycles. For levitated optome-
chanical experiments in the quantum regime, it will be
necessary to operate at similar or lower pressures
[29,31,56-58], which is facilitated by the direct loading
method demonstrated here. While the measured damping
rates are consistent with a gas-damping model [13,19], the
measured heating rates are higher than expected solely from
interaction with the background gas; we have identified the
most likely noise sources and routes to address them.

One application of this work is ultrasensitive force
detection [7,26]: Force-noise and damping-rate measure-
ments in UHV will allow wave-function-collapse models
to be tested in unexplored regimes [23,59,60]. Pulsed-
measurement schemes such as the one adopted here
will be necessary to exploit these high quality factors.
Furthermore, if we introduce self-homodyne detection [35]
and cold damping, we expect to prepare the particle’s
motional ground state within the dark potential of the
electrodynamic trap, enabling tests of quantum physics in
the absence of photon recoil.

Source data are available on Zenodo [61].
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