
PHYSICAL REVIEW RESEARCH 6, 033009 (2024)

Feedback cooling a levitated nanoparticle’s libration to below 100 phonons
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Macroscopic rotors are interesting model systems to test quantum theory and for quantum sensing. A
promising approach for bringing these systems to the quantum regime is to combine sensitive detection with
feedback cooling to reduce the thermal occupation of the mechanics. Here, we implement a backward-scattering
scheme to efficiently detect all three libration modes of an optically levitated nanoparticle. We demonstrate
parametric feedback cooling of all three libration degrees of freedom to below 16 mK, with one of the modes
reaching the temperature of 1.3 mK, corresponding to a mean phonon number of 84. Finally, we characterize the
backward-scattering scheme by determining its measurement efficiency to be 0.5%.
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I. INTRODUCTION

Levitodynamics is the field of controlling levitated macro-
scopic objects. In the absence of a mechanical clamping
mechanism, their motion can be highly isolated from the en-
vironment. Consequently, this platform is a prime candidate
for studying macroscopic quantum dynamics as well as for
sensing small forces and torques [1]. A milestone towards
demonstrating quantum phenomena in levitation was reached
by cooling the center-of-mass (c.m.) motion of an optically
trapped particle to its ground state, both via coherent scatter-
ing into an optical cavity [2–4] and via measurement-based
feedback [5–7].

Besides studying translational motion, levitated anisotropic
particles are especially suited for exploring the control of
rotational degrees of freedom. Rotational motion is particu-
larly enticing in the quantum regime since it is intrinsically
nonlinear and allows for unique quantum interference effects
such as orientational quantum revivals [8]. Remarkable exper-
imental progress has been made in rotational levitodynamics.
On the one hand, levitated nanoparticles have been driven into
rotation at gigahertz frequencies [9–12], and fluctuations of
rotation rate have been controlled [13–15]. On the other hand,
a restoring torque on the orientation creates libration modes,
which behave like harmonic oscillators for small angular dis-
placements. Cooling several libration modes simultaneously
has been successfully demonstrated using a cavity [16] as
well as measurement-based feedback [17,18]. Furthermore,
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measurement backaction has been observed on optically
levitated rotors [19]. However, a detection scheme with a
sufficiently high efficiency for quantum control is still to be
demonstrated [20].

While the first wave of experiments in rotational lev-
itodynamics used cylindrically symmetric rotors (termed
nanodumbbells), it became clear that they suffer from de-
generate libration modes and their uncontrolled coupling by
thermally driven spinning [17,19,21,22]. As a result, the
attention of the community has recently shifted towards con-
trolling all six degrees of freedom of fully anisotropic particles
with three distinct moments of inertia [16,18]. These rotors
exhibit nondegenerate libration modes, making each mode
individually addressable in the frequency domain. A par-
ticularly tantalizing example of a rotational quantum effect
(without counterpart in translational motion) requiring such
an anisotropic rotor is quantum tennis-racket flips [23]. One
requirement for their observation is sufficient cooling of the
libration modes. Interestingly, recent experiments underline
that control of librational motion is also key to sensitive ex-
periments on the c.m. motion of levitated particles [7]. The
further development of detection and cooling schemes for
librational motion, especially of fully anisotropic levitated
rotors, is thus of significant relevance to the entire levitody-
namics community.

In this work, we use measurement-based parametric feed-
back cooling to control the orientation of a nanoparticle with
three distinct moments of inertia. All three nondegenerate
libration modes are cooled to below 16 mK, with the tem-
perature of the coldest mode reaching 1.3 mK, corresponding
to a mean phonon occupation of 84. Our approach relies on
a back-scattering measurement scheme to enhance the de-
tection efficiency by 3 orders of magnitude compared to its
forward-scattering counterpart. Additionally, we experimen-
tally determine the measurement efficiency η = 0.5% for the
coldest libration mode in our system.
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FIG. 1. (a) Schematic of the experimental setup. Inside a vacuum chamber, we generate an optical trap by strongly focusing a laser beam
(propagating along z and linearly polarized along y). In the forward (FW) direction, we detect the particle’s c.m. motion on a quadrant
photodetector (QPD) and libration motion on a balanced photodetector (FW-BPD). In the backward (BW) direction, the scattered light from
the particle is overlapped with a local oscillator (LO) on another balanced photodetector (BW-BPD) for efficient detection of the libration
modes. We use the signals from the QPD and the BW-BPD to modulate the power of the laser with an electro-optic modulator (EOM) for
feedback cooling c.m. motion and librational motion, respectively. Inset: Illustration of a possible realization of an anisotropic particle with
three distinct moments of inertia. The orientation of the particle is confined with its long axis along the polarization (y) axis and its mid-axis
along the laser propagation (z) axis. Three libration modes, α, β, and γ , rotate the particle around the z, x, and y axes, respectively. (b) Power
spectral density (PSD) of the signal measured by the FW-BPD at 0.8 mbar. The six labeled peaks correspond to the particle’s c.m. (x, y, z) and
libration (α, β, γ ) modes, respectively. The additional spikes are electronic noise from our detectors and the data acquisition card.

II. EXPERIMENTAL SETUP

We show our experimental setup in Fig. 1(a). The trapping
beam [wavelength 1550 nm, optical power 900(50) mW],
propagates along the z axis and is linearly polarized along
the y axis. Inside a vacuum chamber, we form an optical trap
by strongly focusing the beam with an aspheric lens (NA =
0.69). We trap a particle in the focus and collect its scattered
light in the backward (BW) and forward (FW) direction using
the trapping lens and a second, identical lens, respectively.
We will return to details about the trapped particle and the
trapping procedure shortly. In the forward direction, the scat-
tered light, together with the trapping beam, is recollimated
and half of the light is sent to a quadrant photodetector (QPD)
for c.m. motion detection. For libration detection, the other
half is distributed on a balanced photodetector (FW-BPD)
using a half-wave plate (HWP) and polarizing beam splitter
(PBS). In this forward detection scheme, the trapping beam
is automatically overlapped with the scattered light and acts
as a local oscillator. This makes the detection scheme robust
against drift and straightforward to implement. However, we
have to attenuate the light (and therefore also the signal) on

the detectors with a neutral density filter (ND, transmission
0.2%) to avoid damage to the detectors from the high power
of the trapping beam. A spectrum recorded by the FW-BPD at
0.8 mbar is shown in Fig. 1(b). The spectrum shows three c.m.
modes (x, y, z) and three libration modes (α, β, γ ), indicating
a trapped particle with three distinct moments of inertia. To
increase the detection efficiency of the libration mode in the
polarization plane of the optical trap (characterized by the an-
gle α), we implement an additional back-scattering detection
scheme as proposed in Ref. [24]. To understand the principle
of the libration detection mechanism, consider a particle with
its long axis aligned with the polarization axis of the light field
(y axis). Due to the particle’s anisotropic polarizability, any
deviation from this alignment by an angle α in the focal plane
induces an x-polarized dipole in the particle. This dipole’s
amplitude, and therefore also its radiated field, scales linearly
with α (for α � 1). To detect this field in the backward direc-
tion, we select the x-polarized scattered light using a PBS and
overlap the light with a local oscillator (LO, optical power
∼5 mW) in a heterodyne measurement using another HWP,
a PBS, and a balanced photodetector (BW-BPD). The LO is
produced as a small portion split from the main trapping beam,
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and its frequency is shifted by 9 Hz from that of the trapping
beam. Since this frequency difference is much smaller than
the linewidths of the motional peaks, the motional sidebands
are effectively overlapped in a single-sided power spectral
density without significant additional broadening. With this
method, we circumvent having to phase lock the LO at the cost
of halving the signal strength. The back-scattering scheme
requires no light attenuation, since we independently control
the power of the LO.

To stabilize the particle inside the trap, we perform para-
metric feedback cooling on all translational and librational
degrees of freedom using the signals from the QPD (for c.m.
motion) and the BW-BPD (for libration) [21,25]. Parametric
feedback cooling of a harmonic oscillator relies on modulat-
ing its resonance frequency at twice the eigenfrequency with
a phase suitably locked to the oscillator’s motion [25]. In our
experiment, for each degree of freedom (c.m. and libration),
a phase-locked loop (PLL) tracks frequency and phase of
the measured signal. The feedback signal is the frequency-
doubled output of the PLL with appropriately adjusted phase
[26]. The sum of all feedback signals is applied to an electro-
optic modulator (EOM), modulating the trapping beam power
which in turn leads to a modulation of the eigenfrequencies
of the modes. Given that all oscillation modes of the parti-
cle are nondegenerate, with the frequency differences largely
exceeding the linewidths, this method can effectively address
all modes individually in frequency space and therefore cool
them all simultaneously [19,26,27].

We load silica spheres (nominal diameter of 156 nm, dis-
persed in isopropanol) into the trap using a nebulizer. By
controlling the concentration of silica spheres in the initial so-
lution, some spheres aggregate to form nanoclusters. The so-
lution therefore contains single spheres, nanodumbbells, and
other nanoclusters with complex shapes, such as anisotropic
particles with three different moments of inertia. Indeed, we
also trap particles in the shape of individual spheres and
dumbbells in our experiments. However, based on the number
of librational motion peaks in the PSD, we exclude single
spheres (no librational motion peak) and dumbbells (two li-
brational motion peaks) and select only the particles having
three distinct librational motion peaks. Although we cannot
control the exact shape of each trapped particle, we are able to
repeatably trap particles with three librational motion peaks.
The exact motional frequencies slightly differ from particle
to particle by a few tens of kilohertz. All experiments in this
work are performed with the same particle. A possible exam-
ple of an anisotropic particle with three different moments of
inertia is illustrated in the inset of Fig. 1(a).

Let us turn our attention to the orientation of the particle in
the trap. The observation of three libration modes in Fig. 1(b)
indicates that the orientation is fully confined in three dimen-
sions. Note that, when trapped in a purely linearly polarized
light field, the orientation of an anisotropic point scatterer is
expected to exhibit only two confined libration modes (along
with one unconfined degree of freedom corresponding to free
rotation around the long axis) [17,21,28,29]. We conjecture
that the complete six-dimensional confinement observed in
this work is a consequence of the additional orientation con-
finement mechanism due to the intensity gradient of the trap
[18,30]. Following the arguments presented in Ref. [18], we

expect the combination of the trapping beam’s polarization
and intensity gradient to result in the longest axis of the par-
ticle aligning along the polarization (y) axis, and the mid-axis
along the laser propagation (z) axis, as illustrated by the inset
of Fig. 1(a). Another hint supporting our conjecture of the
particle’s orientation comes from the damping rates of the
c.m. motion. The findings of Ref. [10] indicate that the larger
the cross section of an irregularly shaped particle is when
projected along a particular direction, the larger the damping
rate is for linear motion along that direction. We therefore de-
termine the damping rate for linear motion by fitting the c.m.
motion peaks in the PSD [shown in Fig. 1(b)] with Lorentzian
functions and extract their respective linewidths γx, γy, and
γz. In our experiment, we find (γx : γz : γy = 1.7 : 1.3 : 1).
The order of the damping rates γx > γz > γy supports the
conjecture that the particle orientation is, indeed, as illustrated
in the inset of Fig. 1(a).

III. LIBRATION DETECTION AND COOLING

Having identified the three libration modes, we turn our
attention to comparing the forward and backward detection
schemes. Since the optical powers on the FW-BPD and the
BW-BPD are unequal and the detectors have different tran-
simpedance gains, we normalize the obtained libration spectra
to their respective noise floors. In Fig. 2(a), we show the
power spectral densities of the α (light blue), β (red), and
γ (dark blue) modes recorded on the BW-BPD at 0.8 mbar.
As dashed lines, we show the corresponding modes simul-
taneously recorded on the FW-BPD. We observe that the
signal-to-noise ratio of the BW-BPD exceeds that of the
FW-BPD by approximately 3 orders of magnitude for all
libration modes. We mainly attribute this increase in signal
to the reduction of light attenuation in the backward direction
in comparison to the forward direction, where the ND filter
introduces a loss of signal of 3 orders of magnitude.

We continue by exploiting the signal detected by the BW-
BPD to perform PLL feedback cooling on all three libration
modes between 10−3 and 10−8 mbar. Figure 2(b) shows the
power spectral densities for the α, β, and γ modes at 3 ×
10−8 mbar. Again, the solid lines are recorded using the BW-
BPD and the dashed lines are recorded using the FW-BPD.
We fit the peak of each mode to a Lorentzian function. By in-
tegrating the area under the peak of each mode and subtracting
the noise floor, we extract the effective temperature of each
libration mode [31]. Figure 2(c) shows the measured temper-
ature as a function of pressure of the three libration modes
under feedback cooling. For pressures above 10−7 mbar, the
temperatures of all three modes decrease linearly with pres-
sure. However, between 10−8 and 10−7 mbar, the temperatures
of the α and β modes level off, indicating that they are no
longer limited by pressure [26]. Note that, at 3 × 10−8 mbar,
the settings of the feedback for the α mode are optimized.
We summarize the measured temperatures and mean phonon
occupation numbers at the lowest pressure of 1.3 × 10−8 mbar
in Table I. Our detection scheme is optimized for the α mode
(libration in the focal plane of the optical trap) [24]. We
indeed find the lowest phonon occupation of 84 for that mode.
We stress that, under feedback cooling at low pressures, the
libration peaks are not discernible above the noise floor on
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FIG. 2. (a) Comparison of forward and backward detection. Normalized power spectral densities (PSD) of the libration modes α (light
blue), β (red), and γ (dark blue) at 0.8 mbar. The spectra recorded on the backward detector (BW-BPD, solid lines) and forward detector
(FW-BPD, dashed lines) are normalized to their respective noise floor in order to compare their signal-to-noise ratios. (b) Normalized power
spectral densities of the same libration modes as in panel (a) under feedback cooling at 3 × 10−8 mbar. (c) Temperature of the three libration
modes as a function of pressure measured under parametric feedback cooling. At 3 × 10−8 mbar, the settings of the feedback for the α mode
are optimized. The recorded data are based on the backward detection. Error bars represent the standard deviation of the fit.

the FW-BPD, as seen in Fig. 2(b). Thus, feedback cooling
using the forward detection would not have been able to reach
similar temperatures.

IV. MEASUREMENT EFFICIENCY

Having exploited the signal from our backward detection
scheme for parametric feedback cooling, let us turn to char-
acterizing our detection system in more depth. The figure of
merit of paramount importance in the context of quantum
measurements is the measurement efficiency η, which de-
scribes how far from optimal a measurement system is. Here,
optimal means that the imprecision-backaction product is sat-
urated at the limit set by the Heisenberg uncertainty relation.
To be concrete, for a librator whose orientation is monitored,
the imprecision-backaction product reads S̃ττ S̃impη = h̄2, with
h̄ being the reduced Planck constant. Here, S̃ττ is the single-
sided power spectral density of the torque fluctuations driving
the libration mode [32]. Furthermore, S̃imp is the measurement
imprecision of the orientation angle of the librator. In the

TABLE I. Measured temperatures and mean phonon occupations
for each libration mode at 1.3 × 10−8 mbar. Errors are given as 1
standard deviation.

Mode Temperature (mK) Occupation

α 1.34 ± 0.14 84 ± 9
β 15 ± 2 2298 ± 248
γ 4.1 ± 0.5 742 ± 87

optimal case (η = 1), the torque fluctuations S̃ττ arise purely
from measurement backaction (i.e., radiation torque shot
noise), while the measurement imprecision S̃imp is minimized
by optimally detecting all scattered light holding information
about the librator’s orientation. Both excess backaction (e.g.,
from collisions with gas molecules) and excess imprecision
(e.g., from the finite quantum efficiency of the photodetector
or from a finite collection efficiency of the optics) reduce the
measurement efficiency to below unity (η < 1). In the follow-
ing, we experimentally determine the measurement efficiency
of our system.

To this end, we measure both the total backaction S̃ττ and
the total imprecision S̃imp. The measurement imprecision is
directly given by S̃imp = S̃exp

imp/c2, where S̃exp
imp is the detec-

tor noise floor in V2/Hz and c is the calibration factor in
V/rad, which is determined from the equipartition theorem
c2 = I�2

α〈v2
cal〉/(kBTcal ), with kB being the Boltzmann con-

stant. Here, 〈v2
cal〉 is found during a calibration measurement

at known temperature Tcal by integrating the measured power
spectral density (in units of V2/Hz) [31]. In order to determine
S̃ττ , we perform reheating measurements of the libration mode
α and extract the reheating rate at different pressures [19]. At
the start of each iteration of the reheating protocol, feedback
cooling of the mode α is turned off for 0.6 s, after which feed-
back cooling is turned on again. We demodulate the libration
signal with a bandwidth of 4 kHz with a lock-in amplifier
to continuously measure the energy of the libration mode (in
units of V2). Part of a typical timetrace of the libration energy
is shown in Fig. 3(a). The protocol is repeated 50 times and
the stochastic reheating trajectories are averaged, as shown
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FIG. 3. (a) During the reheating protocol the feedback cooling is
toggled on (white areas) and off (gray areas), while we measure the
energy of the α mode in mV2. (b) Energy (in units of detector signal
variance mV2) as a function of time at 7 × 10−8 mbar after switching
off the parametric feedback cooling. The data are averaged over all
50 cycles. A linear fit to the data is shown as the red solid line. The
average energy under continuous feedback cooling is shown as the
dashed line. (c) Heating rate (blue circles) as a function of pressure.
A linear fit to the data is shown as the red solid line. The shaded area
represents 1 standard deviation of the fit.

in Fig. 3(b). As expected, for timescales much shorter than
the damping time, the energy increases linearly in time. We
extract the heating rate �exp (in units of V2/s) as the slope
from a linear fit shown as the solid line in Fig. 3(b). We
constrain the fit at t = 0 to be equal to the average energy
under continuous feedback cooling, indicated by the dashed
line. In Fig. 3(c) we plot the heating rate measured at different
pressures. As expected, the heating rate decreases linearly
with pressure until it saturates at 10−8 mbar [19]. We fit
�exp = a × pgas + �

exp
res to our data with the scaling a and the

residual damping rate �
exp
res as fit parameters. The fit and the

corresponding uncertainty are depicted as a solid line and a
shaded region, respectively. Using the fit, we determine the
heating rate �exp = 3.5 × 10−7 V2/s at 1.3 × 10−8 mbar. As
a last step, we apply the fluctuation-dissipation theorem to
find S̃ττ = 4I2�2

α�exp/c2, where I is the moment of iner-
tia corresponding to mode α, and �α is its eigenfrequency.
By rewriting the imprecision-backaction product, we find the
measurement efficiency expressed in experimentally measur-
able quantities as

η =
(

h̄

2

)2 �2
α

〈
v2

cal

〉2
(kBTcal )2

1

�expS̃exp
imp

. (1)

Note that the moment of inertia does not appear in Eq. (1).
Thus, we can determine the measurement efficiency without

the knowledge of the exact shape of the trapped particle. For
our current setup, we extract the measurement efficiency for
the α mode to be η = 0.5%. The maximum achievable de-
tection efficiency using a lens with NA = 0.69 is ηdet = 20%
[24]. At low pressures, we can assume that the dominant con-
tribution to S̃ττ is from quantum backaction (radiation torque
shot noise) [19]. Accordingly, our measurement efficiency is
currently limited by excess imprecision contributing to S̃imp,
which we attribute to the limited mode overlap with the Gaus-
sian mode of the fiber-coupled detector, sweeping the phase
of the LO instead of locking it, and contributions of electronic
noise.

V. CONCLUSION

In conclusion, we have parametrically feedback cooled
all three libration modes of an optically levitated anisotropic
nanoparticle from room temperature to below 16 mK. In
particular, we obtained a record-low phonon occupation of
84 phonons for the libration mode in the focal plane of the
optical trap. In order to reach this cooling performance, we
implemented a backward scattering detection scheme. Even
though the scheme is optimized for detecting libration in the
focal plane, the other two libration modes are also clearly
visible. We have observed an increase in detection efficiency
of approximately 3 orders of magnitude for all libration
modes for the backward detection scheme, compared with
the commonly used forward scattering scheme. The backward
detection scheme implemented in this work, together with
the anisotropic nature of the trapped nanoparticle, allowed
for feedback cooling to a level that represents an important
step towards rotational quantum experiments [33]. One re-
quirement to observe quantum tennis-racket flips is to prepare
the initial state of a nanoparticle according to the relation
h̄ω/kBT � 0.1, where ω is the angular velocity of rotation
around the mid-axis of the nanoparticle, and T is the effective
temperature of the libration motion along the mid-axis [23].
For the nanoparticle cooled as described in this study, achiev-
ing the required initialization involves a moderate mid-axis
rotation rate in the megahertz range, which is within experi-
mental reach [9,10].

For applications requiring even lower phonon occupations,
we envision two strategies to improve cooling performance.
The first strategy is to further optimize the measurement
efficiency. To this end, it will be crucial to maximize the
mode overlap of the backscattered light with the LO on the
BW-BPD and to lock the phase of the LO for a true homo-
dyne detection scheme. The second strategy to reach lower
phonon occupations is to switch from parametric feedback
cooling to linear feedback cooling (often termed “cold damp-
ing” [34]), which has been empirically found to outperform
parametric cooling (at fixed measurement efficiency) [5,6].
In particular, for cold damping, the minimal phonon occupa-
tion achievable only depends on the measurement efficiency
according to n̄min = (1/

√
η − 1)/2. Given the measurement

efficiency η = 0.5% determined for our system in this work,
we expect n̄min = 6.4. Accordingly, when equipped with lin-
ear feedback cooling, our system will be able to perform
sideband thermometry of a libration mode [35–37]. The prin-
ciple of linear feedback cooling of a libration mode has been
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demonstrated by applying the feedback torque both optically
[17] and electrically [14,18]. We note that the improved per-
formance of linear feedback cooling over parametric feedback
comes at the price of giving up the robustness and simplicity
of parametric feedback. If the linear feedback is effected via
an electric field, the particle needs to be charged, making it
susceptible to stray fields. Effecting the linear feedback via
optical torques requires additional optical complexity, such as
additional laser beams. Therefore, it depends on the applica-
tion which feedback method is most suitable. For applications
requiring extremely low phonon numbers, by carefully

minimizing the optical losses, ground state cooling of the
libration mode appears within reach.
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