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Tests of quantum mechanics on a macroscopic scale require extreme control over
mechanical motion and its decoherence!. Quantum control of mechanical motion
has been achieved by engineering the radiation-pressure coupling betweena

micromechanical oscillator and the electromagnetic field in a resonator*”.
Furthermore, measurement-based feedback control relying on cavity-enhanced
detection schemes has been used to cool micromechanical oscillators to their
quantum ground states®. In contrast to mechanically tethered systems, optically
levitated nanoparticles are particularly promising candidates for matter-wave
experiments with massive objects®™, since their trapping potential is fully

controllable. Here we optically levitate a femtogram (10

"5 grams) dielectric particle

in cryogenic free space, which suppresses thermal effects sufficiently to make the
measurement backaction the dominant decoherence mechanism. With an efficient
quantum measurement, we exert quantum control over the dynamics of the particle.
We coolits centre-of-mass motion by measurement-based feedback to an average
occupancy of 0.65 motional quanta, corresponding to a state purity of 0.43. The
absence of an optical resonator and its bandwidth limitations holds promise to
transfer the full quantum control available for electromagnetic fields to amechanical
system. Together with the fact that the optical trapping potential is highly
controllable, our experimental platform offers a route to investigating quantum
mechanics at macroscopic scales".

Mechanical oscillators with small dissipation have become indispen-
sable tools for sensing and signal transduction'? . In optomechanics,
suchoscillators are coupled to alight field to read out and control the
mechanical motion at the fundamental limits set by quantum theory’.
Alandmark feat in this context has been cavity-cooling of microme-
chanical oscillators to their quantum ground state of motion using
dynamical backaction*®.

The remarkable success of cavity optomechanics as a technology
platform attracted the attention of a scientific community seeking
to test the limitations of quantum theory at macroscopic scales™ "8,
Aparticularly excitingideais to delocalize the wavefunction of a mas-
sive object over a distance larger than its physical size”. This regime
isoutside the scope of mechanically clamped oscillators and requires
systemswith largely tunable potentials, such as dielectric particles levi-
tated inan optical trap®'°. The optical intensity distributionin alaser
focus forms a controllable conservative potential for the particle’s
centre-of-mass motion®. A prerequisite for investigating macroscopic
quantum effectsis to prepare the particlein a quantum mechanically
purestate, such as its motional ground state. Subsequently, the trap-
ping potential can be switched off?, allowing for coherent evolution
of the particle in the absence of decoherence generated by photon
recoil heating®>?, Furthermore, other sources of decoherence, such
as collisions with gas molecules and recoil from blackbody photons,

must be excluded?. Therefore, a cryogenic environment would
be particularly beneficial, providing at the same time the required
extreme high vacuum and the sufficiently low thermal population of
the electromagnetic continuum. In light of these benefits, it is sur-
prising that optical levitation has not been realized in a cryogenic
environment to date.

Although control of the thermal environment of a levitated system
has received relatively little attention, recent research efforts have
strongly focused on engineering the light-matter interaction of levi-
tated optomechanical systems. Cavity control of the centre-of-mass
motionofalevitated particle has made tremendous progressinrecent
years®?%,and ground-state cooling by dynamical backaction has been
reported®. An alternative approach to purify the particle’s motional
state relies on measurement-based feedback?*?’*., To operate this
techniqueinthe quantum regime requires performing a measurement
the quantum backaction of which represents the dominant disturbance
of the system?>®, Inaddition, the result of this measurement needs to
be recorded with sufficient efficiency, to compensate the measure-
mentbackaction with the feedback system®***, Borrowing techniques
developed for tethered optomechanical systems®**~%, levitated par-
ticles have been feedback-cooled to single-digit phonon occupation
numbers, where first signatures of their motional ground state have
been observed®. These studies suggest that ground-state cooling of
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Fig.1|Experimental setup. a, Asilicananoparticleis optically levitatedina
cryogenic environment. The light scattered back by the particleis split
betweenthe heterodyne and the homodynereceivers. Alinear filter
characterized by the transfer function H;, processes the homodyne signal

and feedsitbackasaCoulomb forceto the charged particle to cool its
centre-of-mass motion along the optical axis. DAQ, data acquisition card;
LOpommers lOCal oscillator beam for the homodyne/heterodyne receivers. b, PSD
ofthe parametrically pre-cooled centre-of-mass oscillation modes (purple)
alongthez xandyaxis (at77kHz,202kHz and 249 kHz, respectively).Ingreen
we plot the detector noise floor.

mechanical motion without enhancing light-matterinteraction with an
optical resonatoris possible with sufficiently high detection efficiency.
Such a cavity-free optomechanical system would be unrestricted by
the limitations regarding bandwidth, stability and mode-matching
associated with an optical resonator.

Inthis work, we optically levitate ananoparticlein a cryogenic envi-
ronment, which renders decoherence due to gas collisions negligible,
allowing us to feedback-cool the particle’s motion to the quantum
ground state. Our feedback control relies on a cavity-free optical meas-
urement of the particle position that approaches the minimum of the
Heisenberg relation to within a factor of two.

Experimental system

InFig.1awe show our experimental system. We generate asingle-beam
dipole trap by strongly focusing a laser (power P,=1.2 W, wavelength
A=1.55pum, linearly polarized along the x axis) with an aspheric trapping
lens (numerical aperture 0.75). Adipolar dielectric scatterer in the focal
region experiences a three-dimensional confining potential, which is
harmonicfor small displacements from the focal centre. In our experi-
ments, wetrap asingle sphericalssilicananoparticle (diameter 100 nm,
mass m=1fg). Theresonance frequency of the particle’s centre-of-mass
motion along the optical axis zis Q,/(2m) = 77.6 kHz (see Fig. 1b). The
resonance frequencies in the focal plane are Q,/(21t) = 202 kHz along
and Q,/(2m) = 249 kHz perpendicular to the axis of polarization.

We operate our optical trap inside acommercial 4 K pulse tube cry-
ostat. The holder of the trapping lens equilibrates at atemperature of
60 K, which results from heating due to residual optical absorption
(see Methods). The cryogenic pumping effect allows us toreach ultra-
high vacuum conditions within12 h without the need for abake-out. An
ionization gauge located in the outer chamber (at295K) of the cryostat
readsapressure of 3 x 10~ mbar, which we treatas an upper bound for
the pressure at the location of the particle. To stabilize the particle
inside the trap and to avoid nonlinearities of the trapping potential, we
pre-cool the particle’s motionin the three dimensions using paramet-
ric feedback®. In the following, we focus our attention on the motion
along the optical z axis.

The detection of the particle’s motionrelies on the fact thatits posi-
tionis predominantly encoded in the phase of the light scattered back
into the trapping lens®. This backscattered field is directed by an opti-
cal circulator to the detection setup, where 90% (10%) of the signal is
senttoahomodyne (heterodyne) receiver. These receivers convert the
phase of the optical fieldinto an electrical signal. We use the homodyne
measurement for feedback control, and the heterodyne signal for an
independent out-of-loop measurement of the particle’s motion.

Feedback cooling to the ground state

Our experimental platform is a cavity-free optomechanical system,
performing a continuous measurement of the displacement of the
particle”. According to quantum theory, this measurementinevitably
entails a backaction. For the levitated particle, this quantum backac-
tion is associated with the radiation pressure shot noise arising from
the quantization of the light field’s linear momentum?®. Importantly,
with asufficiently efficient detection systemin place (see Methods), it
ispossible to apply afeedback force to the particle that fully balances
the effect of the backaction®*>**,

We deploy a feedback method termed ‘cold damping’™. In this
scheme, a viscous feedback force is derived from the measurement
signal, increasing the dissipation while adding a minimum amount of
fluctuations. Our feedback circuit is a digital filter that electronically
processes the homodyne signal in real time. The filter mainly com-
prises a delay line to shift the phase of the frequencies near Q, by /2
(see Methods). This procedure exploits the particle’sharmonic motion
to estimate the velocity from the measured displacement. The filtered
feedback signal is applied as a voltage to a pair of electrodes located
near the nanoparticle. The particle carries a net charge, such that the
feedback is actuated via the Coulomb force™,

We now turn to the analysis of the particle’s motional energy under
feedback at an effective dissipation rate of y.¢/(2m) =11.1kHz. In the
following section, we demonstrate that this is the optimal rate for cool-
ing. Our first method to extract the phonon population of the particle
relies on Raman sideband thermometry?¢***°, To this end, we analyse
the signal recorded on the heterodyne receiver (see Methods), which
provides an out-of-loop measurement of the motion of the particle®.
The power spectral densities (PSDs) of both the red-shifted Stokes
sideband S,,(Q) and of the blue-shifted anti-Stokes sideband $,,(Q)
(Fig. 2a) show a Lorentzian lineshape on top of a white-noise floor.
Importantly, the total noise power in the two sidebands is visibly dif-
ferent. Fromthis sideband asymmetry, we extract the phonon occupa-
tion by fitting our data to the expressions

$ir(Q) = St + RIX . ()2 (1+1), (1a)

Sun(@) = Sbe + Rl (D)1, (1b)

with S_L’g the spectral background floor, R=my.hQ,/Tascaling factor,
h the reduced Planck constant, y..(Q) =1/[m(Q% - Q*~ iy, Q)] the
effective mechanical susceptibility modified by the feedback, y.the
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Fig.2|Quantum ground-state verification via out-of-loop measurements.
a, Stokes (red circles) and anti-Stokes (blue circles) sidebands measured by the
out-of-loop heterodyne detector, at the largest electronic feedback gain. The
blacklines are fits to equations (1), from which we extract the sideband powers.
Fromtheirratio, we extractafinal occupation of 7=0.66+0.08. b, Real

effective linewidth including the broadening due to feedback, and i
the average phonon occupation of the mechanical state.

Fromthe fit of our data (solid linesin Fig. 2a), we extract alinewidth
of y./(2m) = 11.1 kHz together with a residual occupation of
n=0.66+0.08, corresponding to a ground-state occupancy of
1/(n+1)=60% . The error is obtained by propagating the standard
deviation (s.d.) of the fitted areas. We note that the method of Raman
thermometry does not rely on any calibration of the system. Instead,
itis the zero-point energy of the oscillator that serves as the absolute
scale all energies are measured against.

As asecond method to infer the residual phonon population of the
particle under feedback, we analyse the cross-correlations between
the two measured sidebands**%. In Fig. 2b, we show the real part of the
measured cross-correlationRe(S,;,) (purple) and its imaginary part
Im(S$,,) (green). Wefit the data toa theoreticalmodel given by (see Meth-
ods)

(2)

. 1, i0%-02
Sip(Q) = Rp(eff(o)ﬁ[n o —Z]

2 Verr(2

Importantly, theimaginary part of the cross-correlationisindepend-
ent of the phonon population 7. It arises purely from the zero-point
fluctuations and can thus serve to calibrate the real part, from which
we extractaphononoccupationof 71=0.64+0.09 Theerroris obtained
fromthe propagation of the uncertainties (s.d.) in the fitted parameters.
Thisresultiswellinagreement with the value extracted from the side-
band asymmetry.

Quantum measurement

Efficient quantum measurement is a prerequisite for stabilizing the levi-
tated nanoparticle inits quantum ground state via feedback. In the fol-
lowing, we perform a detailed analysis of our measurement system. To
this end, we analyse the measurement record of our in-loop homodyne
receiver and derive the measurement efficiency ..., representing the
amount ofinformation gathered per disturbance incurred®. InFig.3a
we show, in dark red, the homodyne spectrum acquired at the lowest
feedback gain labelled by the set gain g, = 0 dB (y= 21 % 21.9 Hz). At
suchlow gain, the measured fluctuations on resonance largely exceed
the noise floor and the feedback solely leads to a broadening of the
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(purplecircles) and imaginary (green circles) parts of the cross-PSD between

the Stokes and anti-Stokes sideband, together with fits to equation (2) (black

lines). We calibrate the vertical axis using the imaginary part, and we extracta
final occupation of 7=0.64+0.09 from the real part.

mechanical susceptibility. In this regime, the detection noise fed back
asaforce doesnot play anyrole, and can be safely ignored. We calibrate
our in-loop measurement by performing sideband thermometry onthe
out-of-loop detector at a moderate gain of g, = 25 dB. Subsequently,
we fit the calibrated in-loop spectrum to (see Methods)

=hom

Sz

stot

(0) = S_imp + |Xeff('())|25FF ’ (3)

where Sy’ =h’T,,/(2iz2,) is the total force noise PSD, Sy, =22,/
(8M/}eqs) is the imprecision noise PSD of the detection, and
zgpf =h/(2mQ,) denotes the zero-point fluctuations of the oscillator.
We note that these two spectral densities can be equivalently written
interms of ameasurementrate /., = 4/ o (With [, the decoherence
rate due to the quantum backaction, and n4 the overall detection effi-
ciency), and atotal decoherence rate [ o, = yp, + [oye = V(1 +1/2) (With
I, the decoherence rate in excess of quantum backaction). Fromthe
fit, we extract ameasurement rate of I',,.,./(21) = (1.33 £ 0.04) kHz and
atotal decoherencerate of I,/(21) = (5.5 + 0.3) kHz. The measurement
rate approaches the total decoherence rate, giving a measurement
efficiency of Neas = Mmeas/Tio: = 0-24 £ 0.02, whichis bounded by 7,0, <1
according to the Heisenberg measurement-disturbance relation®*,
Next, we characterize the role of the feedback gain in our system.
To this end, we record homodyne spectra atincreasing gain settings,
asshowninFig.3a. For small gain values, the feedback only increases
the mechanical linewidth. For high gain values, however, the spectra
flatten and even dip below the imprecision noise, an effect known as
‘noise squashing™*. In this case, the feedback-induced correlations
become dominant andincrease the displacement fluctuations, rather
than reducing them. We fit each spectrum to a full in-loop model,
where we independently characterize the transfer function of the
electronicloop (see Methods). Then, we use the results of the fits to
compute the effective linewidths and the phonon occupations, shown
in Fig. 3b. At the highest gain, we estimate an occupation of
n=0.65%0.04, consistent with both other methods described above.
The good agreement between our three methods to extract the pho-
nonoccupation suggests that the contribution of classical laser noise
to the sideband asymmetry is negligible**. Based on the estimated
measurementand total decoherence rates, we calculate a theoretical
model for the occupations under a pure delay filter (black line in
Fig. 3b). For comparison, we show the theoretical results achievable
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Fig.3|In-loop analysis of the feedback system. a, Single-sided displacement
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(see Methods). Theblacklines arefits to atheoretical model (see Methods).

b, Mechanical occupations extracted fromintegrating the computed position
and momentum spectra, which are based on parameters estimated from the

under ideal cold damping® in the limit of y < Q, (dotted grey line).
Inthis case, aninduced linewidth of y. corresponds to an occupation
1= Lot Vagy * Vage/ (16T e09) —1/2 (ref.*'), dependent only on the mea-
surement and decoherence rates.

Discussion and outlook

In summary, we have achieved quantum control over the motion of a
levitated nanosphere. This control relies on the high reported measure-
ment efficiency of 24%, comparable to what has been achieved with
tethered micromechanical resonators®, atomic systems*, and super-
conducting circuits*. Asan example of measurement-based quantum
control, we have experimentally stabilized the nanoparticle’s motion
inits quantum ground state via active feedback. The prepared quantum
state has aresidual occupation of i=0.65 phonons, corresponding to
a purity of 1/(1+2n) =43% . Under optimal control, achievable by
optimization of the feedback circuit, we expect to reach the same occu-
pation as the conditional state®, thatis, fi.,ng = (1/./1,,., ~1/2=0.5
(see Fig. 3b). Our experiment approaches this limit to within 30%.
Notably, our experiment achieves quantum control of mechanical
degrees of freedom without the use of an optical resonator. Inastudy
conducted in parallel to ours, similar results have been achieved with
an optimal-control approach®. Our cavity-free platform allows over-
coming the bistability in continuously operated optomechanical
cavities, which limits the fastest achievable control time, 1//,, to
roughly the mechanical oscillation period’ 21/Q,. For a dipolar scat-
terer, the control time1//, is inversely proportional to the volume of
the particle. When the excess decoherence is negligible, we expect to
achieve 1/l ,, =1/l =1ps for a300-nm-diameter nanosphere, well
below the measured period of 21/Q, =13 ps. This opens the door for
fast continuous and pulsed displacement measurements*$4,
Importantly, we conduct levitated-optomechanics experimentsina
cryogenic environment for the first time. This represents a milestone
towards the generation of genuine macroscopic quantum states of a
nanosphere, which would require extremely low levels of decoher-
ence®. Onthe one hand, cryogenic pumping can achieve extreme-high
vacuumbelow 10 mbar (ref.*°), suppressing decoherence due to gas
collisions. On the other hand, silica nanospheres quickly thermalize
at the temperature of the surrounding cryogenic environment once

102 108 10
Ver/ @) (H2)

in-loop spectra. Thesolid backlineisatheoretical model assuming anideal
delayfilter. The dotted grey line assumes ideal cold damping. The horizontal
grey line corresponds to the occupation of the conditional state, stemming
from the performed measurements. The error barsreflect the standard
deviation (1s.d.) inthe fitted parameters, as well as the statistical error on the
calibrationmethod.

the laser is switched off. This drastically reduces the decoherence
due to emission of blackbody photons. For a trapping field intensity
of 300 mW pm™, the bulk heating rate due to optical absorption is
estimated to be approximately 2 K ms™ (ref. *!). By switching on the
optical field only for the time 1/7,,.,s = 100 ps needed to stabilize the
ground state®, we can maintain the internal temperature of the nano-
sphere in equilibrium with the surrounding cryogenic environment.
Assuming the particle’s environment to be equilibrated with the trap
holder (at 60 K), and at a pressure of 10> mbar, well within the reach
of state-of-the-art cryostats®’, we estimate a coherent evolution time
of around 50 ms®. This would be sufficient to coherently expand the
quantum wavefunction up to a size comparable with the nanosphere
itself, bringing the exploration of macroscopic quantum effects within
experimental reach?.
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Methods

Notation

We summarize the symbols used throughout this work in Extended
DataTablel.

Setup

Cryogenic optical trapping setup. Our detailed experimental setup
is shown in Extended Data Fig. 1. We optically trap the nanoparticles
inside a vacuum chamber connected to a closed-cycle cryostat (at-
toDRY800 from attocube, nominal cold-plate temperature 4 K) to
lower both the temperature and the pressure of the gas around the
particle, thus reducing the fluctuating force disturbing its motion.
The optical tweezers are formed by focusing alinearly polarized laser
(NKT Photonics, Koheras Adjustik E15, amplified by a NKT Photonics,
Koheras Boostik with2W) withawavelengthA=1.55 umand a power of
1.2W. We use anasymmetric lens system, witha 0.75 numerical aperture
(NA) trappinglens (custom-made by Lightpath), and a 0.6 NA collection
lens (Lightpath, 355330) to collimate the beam after the trap. Owing
to the NA mismatch, about 25% of the light does not exit the trapping
volume and is at least partly absorbed by the cryostat, increasing the
temperature of the volume around the trap. The lenses are encased in
athreaded steel mount, and screwed into a threaded holder machined
outofelectrically insulating polyether ether ketone (PEEK). When per-
forminglinear feedback cooling, we apply the voltage needed to drive
the particle motion directly to the lenses’ mounts®*®***. The PEEK holder is
mounted ontop of asolid copper postin thermal contact withthe cold
plate of the cryostat. The vacuum chamber connected to the cryostat
contains two concentric metallic cylinders. Their purpose is to shield
theinnermost trapping volume of the chamber from hot gas particles
inthermal equilibrium with the vacuum chamber at room temperature,
whichis actively stabilized at 295 K during all experiments. The inner
shield, which is made of oxygen-free copper, contains the trapping
assembly and is in thermal contact with the cold plate of the cryostat
(nominal temperature 4 K). The outer cylinder made of aluminium is
thermally connected to the middle stage of the cryostat, witha nominal
temperature of 40 K.

Monitoring the temperature. We monitor the temperature both at
the cold plate and at the PEEK lens holder, and read, respectively, 6 K
and 57 Kwhenthelaseris on. This discrepancy with the nominal values
is due to the heat generated by the absorbed laser power and the low
thermal conductivity of the PEEK holder. When the laser is switched
off, the temperature of the lens holder drops by more than20Kin1h.
The heating due to laser absorption can be remedied by using lenses
with equal NA for trapping and collimating the laser, together with
optimizing the thermal conductivity of the lens holder.

Measuring the pressure. We use a Bayard-Alpert/Pirani combination
gauge (Thyracont, Smartline VSH89D). Once the base temperature is
attained, the gauge reads a pressure of 3 x 10™ mbar at the vacuum
chamber thermalized at room temperature. This is an upper bound
for the pressure at the particle’s location, which we expect to be orders
of magnitude lower>.

Optical detection setup. We use four photodetectors to character-
ize, stabilize and localize the particle in the optical trap. First, in the
forward direction, we make use of a quadrant photodetector (QPD;
Thorlabs, PDQ30C) and a polarization-sensitive libration detector
(homemade balanced detector). We exploit their signals in the char-
acterization procedure of the particle as detailed below. Second, we
do homodyne and heterodyne detection on the field scattered by
the particle backinto the trapping lens. We employ a combination of
Faraday rotator and polarizing beamsplitter to deflect the backscat-
tered field fromthe forward direction. We derive our feedback signal

for cold damping of the particle motion from a balanced, homodyne
detector (Thorlabs, PDB210C), for which the backscattered light is
mixed withalocal oscillator (LO) beam the phase of which we control
with a piezo mirror.

To maximize the detection efficiency, itis essential to properly over-
lap the signal beam (which has adipolar scattering pattern collimated
by the trappinglens) and the local oscillator, which has a Gaussian mode
shape. To this end, we adjust the beam size of the local oscillator with
atelescope and carefully tune the propagation distance of signal and
reference beam to the detector.

To perform the out-of-loop analysis and sideband thermometry,
we use a fibre-coupled balanced heterodyne detector (Newport,
2117-FC-M). Here, the LO beam is frequency-shifted using two
acousto-optic modulators (AOM; Gooch & Housego, 3080-1912).
The first AOM downshifts the laser frequency by 80 MHz, and the sec-
ond upshifts it by 81 MHz (79 MHz) to blueshift (redshift) the LO by
Q,/(2m) =1 MHz. The resulting detuned LO beam is mixed with the
signalina50:50 fibre coupler.

Particle characterization

We optically trap a silica nanoparticle with a nominal diameter of
100 nm (Nanocomposix). All data presented in this work are taken on
the same particle. The nanoparticles are provided inaqueous solution
which we further dilute in isopropanol and load into the optical trap
withanebulizer. Toensure that the trapped particles are single spheri-
cal nanoparticles without rotational degrees of freedom, we perform
a characterization of each object after the trapping process. In the
following, we highlight the two procedures we use to characterize the
size and shape of the trapped objects.

Damping rates of transverse motion. The first method consists of
comparingthe dampingrate of the transverse xand y modes of oscilla-
tion. Atapressure of afew mbar and at room temperature, werecorda
time trace of thexandy oscillation modes on our QPD placedin forward
detection (see Extended Data Fig. 1). Next, we estimate the PSDs from
the time traces and fit them to a Lorentzian model. From the fit we ex-
tract the linewidths, and thus the damping rates, of the corresponding
modes. Spherical objects have equal damping rates along both axes™.
Hence, we compute the ratio between the extracted damping rates
and use it to identify spherical particles. Additionally, we estimate
thesize of the particle using the measured (absolute) damping rate at
known pressure and temperature’. For the particle used throughout
our experiment, we perform this characterization at different pressures
ranging from 4 mbar to 8 mbar. We estimate a diameter of 106 + 5nm
andaratio of the dampingrates of 0.98 + 0.04, where the centre values
are averages among six repetitions of the measurement, and the errors
are the uncertainties associated with a single measurement (which is
larger than the spread among the measurements).

Libration motion. Asecond characterization method s the detection
ofalibration motion of the trapped object.Inalinearly polarized elec-
tromagnetic field, an anisotropic scatterer alignsitselfto the polariza-
tion axis and oscillates around this equilibrium position. Thislibration
motionisencoded in fluctuations of the polarization of the scattered
light, which we measure using our polarization-sensitive balanced
photodetector in the forward direction”. Heuristically, we find that
alibration motion shows a resonance frequency between 400 and
700 kHz. We made sure that the particle used in the present work did
not show any signature of alibration mode.

Parametric particle stabilization

Throughout our experiments, we stabilize the particle’s position along
allthree axes using parametric feedback cooling®. This reduction of the
thermal motion suppresses any coupling of the three centre-of-mass
degrees of freedom (which can arise due to anharmonicities of the
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optical potential), leading to a three-dimensional, effectively har-
monic trapping configuration with the eigenfrequencies Q,, Q,and
0, as described in the main text. We emphasize that the parametric
feedback cooling along the zaxis is much weaker than the linear feed-
back cooling described in the main text and can hence safely beignored
inthe analysis.

Weimplement parametric feedback cooling using three phase-locked
loops (PLLs), integrated in a lock-in amplifier (Zurich Instruments,
MFLI). Each PLL generates an oscillating signal with constant amplitude
and a fixed phase relation to the particle motion along one direction
(x,yorz). We feed the sumof all signals (oscillating at Q,, Q,and Q,) toa
digital squaring unit (STEMLab, Red Pitaya), which effectively doubles
thefrequencies, and use the output signal to modulate the intensity of
thelaser beamusing an electro-optic modulator, thereby implement-
ing ‘PLL-based feedback cooling?’. We note that on top of the signals
at twice the oscillation frequencies, our squaring unit also generates
all sum and difference frequencies between the axes. These spurious
signals do not affect the particle’s motion in practice since they are
offresonant.

Data acquisition and postprocessing

Data acquisition. We acquire both the homodyne and heterodyne
detector signals by demodulating them at our frequencies of interest
using lock-in amplifiers (Zurich Instruments, MFLI). In particular, we
demodulate our homodyne signal close to the eigenfrequency Q, of
the particleand denote the demodulated, complex-valued time trace
by i.mlt]. The square brackets indicate the discrete nature of the time
trace, whichisanarray stored on acomputer. We furthermore demodu-
late our heterodyne signal close to the two sidebands generated by the
particle’smotionaround the LO frequency (acquired time traces i,[] at
0,-0,andiy[t]atQ+Q,),and at the LO frequency itself (acquired time
tracei,[t] at Q). We use eighth-order demodulation filters witha3-dB
low-pass frequency of 5kHz and asample frequency of 53.57 kHz. For a
typical experiment, we acquire 100-s-long demodulated time traces.
Inaddition, we also acquire the homodyne detector signal at baseband
(i4.[t]), whichwe use both for locking our interferometer witha Pl loop
integrated into the MFLI and to aid in the postprocessing of the data,
asdescribed below.

Postselecting the data. The cryocooler periodically (1Hz) compresses
and expands the heliumgasinthe cold head, generating periodic me-
chanical vibrations onthe optical table and the trapitself. These vibra-
tionsdisturbboth theinterferometricread-out of the particle’s position
and its motion. In our recorded measurements, we hence postselect
the time intervals in between the compression cycles. In Extended
Data Fig. 2 we show an example of the homodyne detector signal at
baseband (i [t], grey). We also show the real part of the particle’s signal
inomltl (blue). We identify the helium compression cycles from i [t] as
burstsignals with arepetition period of 1s (marked as red dotted lines
in Extended Data Fig. 2). Finally, we postselect our demodulated time
traces (inomlt], i;[t], i,[£], and i, []) by choosing 300-ms-long intervals at
afixed delay in between the bursts (indicated by the orange indicator
function). We note that the interval length of 300 ms is much longer
than any time scale of the particle motion.

Estimation of spectral densities. After the described postselection,
we compute the power spectral densities (PSDs) of the measured
time traces. We estimate the PSD of the acquired homodyne data
according to

Shoml21= linomlQ11%), (4)

where i,,,[Q]is the discrete Fourier transform (DFT) multiplied by vT
(Tbeing the total acquisition time of each realization) and{...) is the
ensemble average over the different realizations.

In contrast to homodyne detection, the heterodyne detector’sarm
lengths are not actively stabilized, and we have to correct for phase
driftsin postprocessing. These phase drifts arereflected in the phase of
the demodulated LO frequency i [t]. Since the frequency components
of both motional sidebands have a definite phase relative to the LO,
we can remove the drifts from the time traces by redefining i[¢] > i[t]
expl-iarg(i,[t])], wherej=r, b. After this phase correction, we estimate
the PSDs of each sideband as well as the cross-PSD between them as

S [01=li[- 011%), (5)
SulQ1= i [Q1%), (6)
Sl0Q1= <G, [ - Qli[QD). @)

We note that the phase correction described above only affects the
cross-PSD §,,[Q].

Electronic filter characterization

To model the in-loop dynamics, we need to characterize the transfer
function H, of the electronic feedback loop (see Extended Data Fig.1).
To do so, we perform a network-analyser measurement of the elec-
tronic componentsinthe loop. The resulting transfer functionis shown
in Extended Data Fig. 3a (absolute value) and Extended Data Fig. 3b
(phase). Our designed filter contains several elements. First, we have a
first-order high-passfilter with a 9 kHz cut-offfrequency, which we use
to remove any d.c. component to prevent saturation of the electron-
ics. Second, we implement two digital second-order notch filters at
0,/(2m) =200 kHzand Q,/(2m) = 250 kHz with a quality factor of 5. This
way we prevent the feedback from heating the transverse mechanical
modes. We also observe two copies of such filters at around 750 kHz.
Thisis duetoaliasiang of the signal during the frequency sweep meas-
urements. Infact, thesamplingrateisat 977 kHz, resulting ina Nyquist
frequency of 488.5kHz. Finally, weintroduce a time delay such that at
0,the phaseresponseis —1/2. Supposing that the phase contributions
ofthe high-pass and the notchfilters are negligible at Q,, one can tune
the delay time such that Q,7=m/2 + 2ntn, where nis an integer. For any
n>1,the larger phase slope lowers the value of the feedback gain at
which the closed-loop system becomes unstable, limiting the cooling
performance. Therefore, we choose toimplement the smallest possible
time delay, whichin our caseis 7=3.2 s.

Detection noise characterization

For feedback-based ground-state cooling, it is critical that our in-loop,
homodyne detection noise is limited by the shot noise of the optical
field. In Extended Data Fig. 4 we show the measured noise power on
the homodyne detector when only the LO beam is switched on (and
the particle signal is blocked) as a function of the LO power. The
noise power is obtained by integrating the measured PSD from 60 to
90 kHz and normalizing it by the detector electronic background-noise
power (indicated by the grey line). The LO power is tuned by rotating a
half-wave platein front of a polarizer. We observe that the noise power
increases linearly with the LO power, thus indicating that our detec-
tion is shot-noise limited. In the experiment, we operate at 560 pW of
LO power, where the optical shot noise is 14 dB above the electronic
noise floor.

Sideband thermometry

We record the PSDs of the two mechanical sidebands around the
heterodyne local oscillator. The two sidebands differ in their noise
power. This asymmetry is related to the mechanical zero-point fluc-
tuations and can be used to extract the phonon occupation®**, In
Extended Data Fig. 5a, b, we show the PSDs of the two sidebands for
different feedback gains. To quantitatively assess the mechanical



energy of the particle, we extract the area underneath each sideband.
We fit each pair of sidebands simultaneously to a theoretical model
5 (Q) —S ot |Xeff(())|25FF,wherej r, b and the mechanical suscepti-
blllty takes the form y . (Q) = 1/[m(Q% - Q*~ iy, Q)]. In the fit model,
we allow the two sidebands to assume different force noise Sl and
background 5bg values, but we constrain them to have the same reso-
nance frequency Q,, and linewidth y .

The fitted force-noise values are a direct measure of the enclosed
area in the two sidebands. Thus, the occupation i can be extracted
according to

=

S 14l ®

Skr n
Theuncertainties of these areas crucially depend on the precision of the
background-noise estimation from the fitting routine, especially at the
largest feedback gain where the signal-to-noise ratio becomes small.
Theestimation of the occupation using the spectral cross-correlation,
detailed in the following subsection, is robust against this possible
source of error.

Another possible source of systematicerrorisafrequency-dependent
response of the acquisition chain (photodetector and DAQ). To rule
out this effect, we measure the motional sidebands both using a posi-
tive and a negative frequency for the heterodyne local oscillator w,, =
w, — Q,, where w, is the frequency of the laser and Q,/(21) = +1 MHz
denotes the frequency shiftinduced with the AOMs>. We then extract
the phonon occupation according to

-1

-1| , 9)

where the + superscripts stand for the sign of the LO frequency shift.
Using this method, any frequency dependence of the transfer func-
tion of the measurement chain is cancelled. In Extended Data Fig. 5b,
we show as green squares the phonon occupations estimated from
the asymmetry of the measured heterodyne spectra. We also show as
ablack line the theoretical cooling model extracted from the in-loop
analysis (see Methods section ‘In-loop detection theory’). The error bars
are obtained by propagating in equation (9) the fit uncertainties (s.d.)
ofthe four areas extracted from the fits (two areas per each frequency
of the local oscillator). The larger error bars for lower occupations
reflect the reduced signal-to-noise ratio in the PSDs.

Cross-correlation thermometry

To corroborate the measured occupations from the asymmetry of the
motional sidebands, we perform an additional thermometry meas-
urement based on the quantum correlations between the Stokes and
anti-Stokes sidebands***2. The cross-PSD between these two sidebands
canbe expressed as*

S =S+ 5 Re{xeff(m} (10)

which we simplify to (see also the supplement of ref. * for a derivation
With pr < Q,):

= 1 .()2 .()2 Veff <€z
S$v(@) = Rl (Q)lz[ +o+i ] >
r eff 2 20,y

(1)
1 .0-0
RlX g QP 2+ 5 +i=——2|,
eff 2 Veff
where R is a constant proportionality factor. In particular, the imagi-
nary part of equation (11) arises from correlations induced by the

zero-point fluctuations, and solely depends on spectroscopic
quantities that are easily accessible (resonance frequency Q, and
linewidth y.¢) and not on the occupation 7i. Therefore, one can use
the imaginary part of the correlator in equation (11) as a calibration
for the real part in equation (11), which directly yields the phonon
occupation.

Equation (11) assumes that the reference frame in which such
cross-correlations are computed is only defined by the reference local
oscillator. In practice, the measured cross-PSD 5, (Q) = ems'rb(!)) is
rotated by an angle 8, which is the heterodyne LO angle with respect
to the signal at the time when the data acquisition starts. Owing to
drifts of the interferometer arm lengths, the value of 6 drifts at a slow
rate. In order to factor this out, we exert a coherent, off-resonant
driving force on the particle at 90 kHz. In the ideal reference
frame, the spectral component of S,;, at the frequency of this coherent
drive is purely real. Thus, we can extract 6 from the phase of the
measured correlator at 90 kHz according to the expression
20 =arg(S,,[21 x 90 kHz]), in order to then rotate the measured cross-
PSDintotheideal reference frame. After this calibration, we simultane-
ously fittherealand imaginary parts of the measured cross-spectra to
equation (11). We leave as free parameters the mechanical resonance
frequency Q,, the linewidth y., and the overall scaling factor for the
real part and imaginary parts, respectively c,=R(1+1/2) and ¢;=R.
Finally, we compute the occupation from the ratio of the two scaling
factors, thatis,i=c,/c;—1/2.

In Extended Data Fig. 6 we show examples of measured and fitted
spectra, as well as an overview of the fitted parameters and extracted
occupations. We stress that, in contrast to the sideband thermometry
(detailedinthe previous subsection), the method presented here does
not rely on the precise subtraction of abackground noise to estimate
the phonon occupation. This makes the method detailed here more
robust against experimental drifts.

In-loop detection theory

Homodyne-based feedback control of mechanical motion has been
extensively studied both theoretically®*¢° and experimentally533-356!
including in the context of levitated optomechanics? 2% Here,
we summarize the main equations used in our analysis of the in-loop
measured spectra, and we report the experimental characterization
and methods employed.

We model the dynamics of the feedback-controlled quantum system
with quantum Langevin equations®. This framework allows dealing
with the non-Markovianity associated with any realistic feedback loop,
which renders the adoption of a standard Lindblad master equation
approach impossible*. The system under control is a levitated parti-
clein aninitial thermal state, undergoing a linearized optomechani-
cal interaction with the trapping field®. The initial state is therefore a
Gaussianone and the linear dynamics of both the evolution and meas-
urement preserve the Gaussian nature of the states over time. Thus, the
quantum dynamics can be described in terms of an analogous classical
system, with the additional constraints of (i) zero-point fluctuations
presentinboththe optical and the mechanical degrees of freedom, and
(ii) the non-zero bound of the Heisenberg measurement-disturbance
relation®.

Here, we are interested in modellmg the spectra measured by the
in-loop homodyne detector, SZZ ,as well as the actual displacement
spectra, S,,. To stabilize our system, we never release it completely
fromfeedback. For the smallest gain setting g.,= 0 dBin the main text,
theinduced dampingratey,, largely exceeds the intrinsic damping rate
(given by thebathinteraction) butis small enough that we can neglect
any in-loop effects (that is, the resonant spectral response is much
larger than the imprecision). The measured homodyne spectrum is
then

—hom tot

SYM0) = Sy + I, (Q)2SEY, (12)
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where x_(Q) 2 1/[m(()2 0?*- iy Q)]is the mechanical susceptibility,
and §; .. and SFF are, respectively, the imprecision and the total force
noise.

Thetotal force noise containsall the fluctuating forces acting on the
resonator, which we write as

imp

~tot R
Sk = Ffpfrmt' (13)

where the total decoherencerate, [, =/ * 4, cONtains the decoher-
ence rate associated with the quantum backaction due to random
photon recoils I',, and the excess decoherence rate I, comprising
allother sources of decoherence such as collisions with gas molecules
and heating due to technical laser noise. The imprecision noise, ;..
represents the background floor of the measured spectrum, and can
be written as

2
Zzpf
STTrmeas

Simp = (14)

where ['e.s = Nl 4 is the measurement rate and 174 the total detection
efficiency.

We use the measured homodyne photocurrent as the input signal
onthe control feedback loop, the complex transfer function of which
we call H,(Q). Ingeneral, the only restrictions to this transfer function
for an experimentally viable loop are (i) to be causal, for real-time
control, and (ii) to maintain the controlled system stable, for con-
tinuous operation*. A possible causal filter satisfying the stability
requirement (up to a certain gain) is a pure delay filter, the transfer
function of whichis

Hi(Q) = mQ,y, e (15)
where yg is thefeedback gainin units of angular frequency and rthe cho-
sentime delay. Given this freedom, the transfer function canin principle
be optimized to minimize a cost function of the controlled system’s
degrees of freedom, achieving optimal control®®. For example, in the
case of ground-state preparation, such a cost functionis represented by
the mechanical energy, whichis a quadratic function of the mechanical
degrees of freedom for aharmonic oscillator. This property, combined
with the linear dynamics and the involved Gaussian state, allows us to
directly make use of the known results from classical linear-Gauss-
ian—-quadratic (LGQ) control theory®. In practice, when dealing witha
high-quality-factor (high-Q) mechanical resonator, using anon-optimal
filter results in slightly worse performance, accompanied by a great
simplification of the experimental implementation. We thus decide
tofollow suchasub-optimal strategy. We experimentally implementa
digital delay filter (see Methods section ‘Electronic filter characteriza-
tion’), whichis the optimalfilter for minimizing the mechanical energy
only in the limit of a strongly underdamped oscillator.

Once we close the loop, equation (12) is no longer valid, and the
in-loop effects should be properly included to interpret the homodyne
measurements. By following a standard derivation®*, we arrive at the
following expression for the in-loop homodyne spectrum
i (DPEE+ W @D S ) ™3™ Sinp

=tot

+|be(-())| (SFF

hom 0
Sz Q)= 16)

m*yiQ%Sin),

where y, ()" = x_(Q)™" - Hy,(Q) is the mechanical susceptibility mod-
ified by the feedback loop. In particular, the last term on the right-hand
side of equation (16) describes the induced correlation between the
imprecision noise and the mechanical displacement, which is driven
by the same imprecision noise via = the feedback loop. For large gains

suchthatmQ,y, = (s‘ﬁ‘;‘/s,mp)l 2, these correlations resultin measured

spectral values lower than the imprecision noise, an effect known as
‘noise squashing”>*,

Owing to the presence of such correlations, equation (16) does not
describe the actual mechanical displacement spectrum at large gains,
thus we cannot estimate the occupation from its integration. Rather,
we need to calculate the actual position spectrum under feedback
control as®*

ctot

$.(Q) = e, (DS + Hip(Q)1Sipmp)- 17)

Using the computed position PSD S, (Q), we extract the mechanical
energy by integrating the positionand momentum spectra, according
to

(18)

 mQXAHHpHm 1 0%)5,(Q) 1
TR | d"[ }2 i

zpf

We note that the integration is done over both the position and the
momentum spectrum, as deviations from the equipartition theorem
become important when y = Q, (ref. ¢°).

In-loop homodyne thermometry

In this section, we describe the fitting procedure employed for the
in-loop spectraand for the extraction of the phonon occupation, based
onthe theory outlined in Methods section ‘In-loop detection theory’.

First, we analyse the initial spectrum, shown in Extended DataFig. 7a,
which we take as a reference. This reference spectrum results from a
combination of linear and PLL-based parametric feedback cooling
applied to the particle, necessary to keep it trapped in ultrahigh vac-
uum. In this configuration, the feedback gainis kept low such that the
spectral value at the mechanical resonance frequency, S'}Z’fm(f)z), is
much larger than the imprecision noise, . Assuming a time delay
of T=1/(2Q,) and approximating the delay filter’s phase response con-
stant around the mechanical resonance frequency (whichis valid in
the limit y,,7 < 1), the feedback only modifies the linewidth of the
mechanical susceptibility in equation (12), with negligible induced
correlations. The effective linewidth canbe expressed as V= Vo = VimSerr
where y,, is theinduced linewidth at unity gain g, = 0 dB.

We fit the initial reference spectrum to the model of equation (12).
From the fit, we extract a mechanical resonance frequency of
0,/(2m) =77.6 kHz and a linewidth of y,,,/(21) = 21.9 Hz. In addition we
extract the total force noise S and the imprecision noise Simps Which
arein electrical units V2 Hz at this stage.

Next, we record homodyne spectraas weincrease the linear feedback
gain. We fit each of these spectra to the full in-loop model of equa-
tion (16). In the fit procedure, we fix the mechanical resonance fre-
quency Q,, theinitial linewidth y,,, total force noise S_,t:(;t, andimprecision
noise $;,,, from the previous fit of the initial spectrum. We also fix the
feedback loop’s complex transfer function Hg,(Q), which we measure
independently (see Methods section ‘Electronic filter characteriza-
tion’). The only free parameter, which our fitting routine searches for,
is the feedback gain yy,. In Extended Data Fig. 7b, we show the fitted
gains foreach spectrumasafunction of theelectronic gaing,,, showing
the expected linear relationship.

We notice that we exclude in our analysis three spectral features,
highlighted in light red in Extended Data Fig. 7a. The component at
66.3 kHz is an electronic noise peak generated by the ion pressure
gauge used in the experiment. Regarding the componentat 73.5kHz,
we hypothesize that it originates in the frequency noise of the laser,
and we observe itin the homodyne signal due to a 50-cm arm-length
difference of the interferometer. Finally, the componentat 90 kHzisa
calibration force we use to analyse the heterodyne signal (see Methods
section ‘Cross-correlation thermometry’). All three components are
coherent (that s, their linewidths are Fourier-limited), thus do not
contribute to the total displacement fluctuations. The same three



components are excluded also from the out-of-loop measurements
analysis.

Equipped withthe found system parameters (Q,, ym,S,tfét, Simp, Ywand
Hg,(Q)), we compute the actual position PSD S, () without noise floor
orin-loop effects such as noise squashing according to equation (17).
Notice that the found PSD has the detection units V> Hz ™.

We then compute the energyiin the oscillation in units of V2by inte-
grating S,,(Q) according to equation (18) with 227 - = 1. Ina final step,
we calibrate the measured mechanical energy from units of V2to pho-
nons. To do that, we anchor the energy extracted from the in-loop
homodynespectrumatg,,=25dB to the one extracted by the sideband
asymmetry thermometry at the same gain, thatis i,545=5.1+0.1.

With this procedure, we have calibrated Szz/(Zngf) to units of pho-
nons per Hz. Using the nominal density and size of our sphere, we can
compute its mass mand zfpf =h/2mQ,. Thisallows us torepresent S,,
inthe common units of m*Hz ' in Fig. 3a. We stress that a potential error
in our mass estimation does not influence the findings regarding the
phonon population in our work.

The calibrated occupations extracted from the in-loop analysis are
reportedin Fig. 3b. The effective linewidthsin this figure are extracted
as the full-width at half-maximum from the computed displacement
spectra, $,,(Q).

Data availability

Source data for Figs. 1b, 2, 3 and for Extended Data Figs. 2-7 are avail-
ableinthe ETH Zurich Research Collection (https://doi.org/10.3929/
ethz-b-000480147).
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Extended DataFig.1|Experimental setup. We optically trap ananoparticle photodetector. AOM, acousto-optic modulator; DAQ, data acquisition card;
inside acryogenic vacuum chamber using atelecomlaser. In the forwards EOM, electro-optic modulator;A/2, half-wave plate; LO, local oscillator; PBS,
direction, we employ alibration and position detection system. Inthe polarizingbeam-splitter; R, reflection; T, transmission.

backwardsdirection, we placeboth ahomodyne and aheterodyne
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Extended DataFig.2|Postselecting the data. The compression cycles of the (indicator functionin orange) of the time traces containing the particle motion
cryocooler are visible in our interferometric signal at baseband (iy [¢] in grey). (exemplary for iy, [t]in blue).
Weidentify the cycles (red dotted lines) and postselect 300-ms-long intervals
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Extended DataFig. 3 | Transfer function of the electronic feedback chain. a, b, Measured magnitude (a) and phase (b) response of the experimentally used
delayfilter. The dotted, dashed, and dot-dashed vertical lines mark the location of the resonance frequency of motion along the z, x, and y axes, respectively.
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Extended DataFig. 4 |Detectionnoise characterization. Variance of the
laser noise as afunction of local oscillator power inhomodyne detection. The
variance, expressedin dB, is normalized to the variance of the electronic noise
floor of the detector (grey). The dotted blue line provides aguide for the eye for
thelinear dependence between variance and power of the beam.
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Extended DataFig.5|Sideband asymmetry in out-of-loop heterodyne
measurements. a, b, Stokes (a) and anti-Stokes (b) sidebands, at different blacksolid lineisatheoretical model based on anideal delay filter with

electronic feedback gains, normalized to the estimated background level parameters estimated from thein-loop spectra. The error bars are obtained by
(greyline). Each sideband pairis simultaneously fitted to a theoretical model. propagating the fituncertainties (1s.d.) of the areas.

¢, Mechanical occupations (greensquares) at different feedback gains. The
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resonance frequency (c) and effective linewidth (d) at different electronic
gains. e, Extracted mechanical occupationsasafunction of fitted effective
linewidths. Theblacklineisatheoretical modelbased on anideal delay filter
and on parameters estimated from the in-loop spectra. The error barsare
obtained by the fit uncertainties (1s.d.).
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Extended Data Table 1| Notation

Symbol Explanation
m Mass of the particle
Q, Eigenfrequency of the particle along the optical axis
Zapt Zero-point fluctuation of position: z,p¢ = \/h/(2mS2,)
Yeft Effective feedback-induced mechanical damping rate
Yih Damping rate due to thermal bath: v < verr
T Bath temperature
Tin Thermal decoherence rate (phonons/s): I'¢n = ynkpT'/(hS2,)
Typa Decoherence rate due to quantum backaction
Texe Excess decoherence rate including I'¢1,
ot Total decoherence rate: I'yor = I'gba + Fexc = Dgpa(1 + 1/C4)
Cy Quantum cooperativity: Cq = I'qpa/Texc
Nd Detection efficiency
T'imeas Measurement rate: I'meas = 7¢qba
TMmeas

Measurement efficiency: Nmeas = I'meas/Ttot = Na/(1 + 1/Cy)
n

Phonon occupation number of the particle’s z-motion
Xert (€2)

Effective mechanical susceptibility: xetr(2) = m™'/(Q2 — Q% — iy Q)
S22(§2) Two-sided, symmetrized PSD of random process z(t): Sa2z() = 2% [dr T (x(t + T)x(t))
Seaz(f) One-sided PSD of random process z(t) used to display data: Sgz(f) = 4752 (27 f)
(z(t)?) Variance of 2(t): (z(t)?) = [*_dQ S..(Q) = [~ df Seu(f)
??F Two-sided, symmetrized total force noise PSD: ?‘;‘F = 1?01/ (27rzz2pf)
Simp Detector imprecision noise PSD: Simp = 225 /(87 'meas)
gimp?;lp Measurement-disturbance relation: gimp?;lp = (h/ 47r)2 /Mmeas
5.2 () Two-sided, symmetrized particle position PSD: (%) = [dQ S..()
S}Zm(Q) Measured in-loop position PSD on the homodyne detector
§M(Q) Heterodyne detector position PSD at the Stokes (red) sideband
Spy(£2) Heterodyne detector position PSD at the anti-Stokes (blue) sideband
Srp(82)

Cross-PSD between Stokes and anti-Stokes sidebands

Summary of the symbols used throughout this work. If not explicitly mentioned, integral boundaries are from —e to .
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