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Shot-to-shot noise cancellation for parametric oscillators
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Powerful approaches to squeeze the motional state of a harmonic oscillator rely on the stepwise modulation
of its resonance frequency. Such protocols can be limited by forces that vary slowly between experimental
runs but are constant during a single experimental shot. Such shot-to-shot noise gives rise to a spread in
experimental outcomes that masks the uncertainty intrinsic to quantum theory. Taking inspiration from spin-echo
protocols, we propose a decoupling technique that, under ideal conditions, perfectly cancels shot-to-shot force
noise in squeezing experiments based on parametric modulation. We implement the protocol using an optically
levitated nanoparticle, where shot-to-shot force noise arises from slowly varying stray fields acting on the charge
carried by the particle. Using our oscillator-echo protocol, we demonstrate shot-to-shot noise suppression to the

measurement-backaction limit.

DOI: 10.1103/13xq-wypm

I. INTRODUCTION

Mechanical oscillators in the quantum regime are promis-
ing candidates to explore the limits of modern physics [1-3].
The main challenge hindering operation outside the classical
realm is decoherence [4]. This process can be thought of
as entanglement between the mechanical oscillator and other
degrees of freedom that remain unobserved, but whose mea-
surement can, in principle, provide relevant information about
the state of the mechanics [5]. For tethered mechanical os-
cillators, sophisticated phonon engineering [6,7] has enabled
sufficient suppression of decoherence by the thermal bath to
reach the regime of measurement-based quantum control [8],
even at room temperature [9]. In this regime, the fluctuations
acting on the system are dominated by the quantum noise of
the probe light.

A particularly simple optomechanical platform that is rou-
tinely operated in the backaction-dominated regime is an
optically levitated nanoparticle [10-12]. The center-of-mass
motion of such a dipolar scatterer trapped in a laser fo-
cus resembles a three-dimensional harmonic oscillator whose
position is continuously measured. Decoherence due to the
thermal bath (constituted by the gas surrounding the nanopar-
ticle) can be suppressed by operating the optical trap in

“Present address: Dipartimento di Fisica e Astronomia, Universita
di Padova, 35134 Padova, Italy.

TPresent address: Institute of Science and Technology Austria, Am
Campus 1, 3400 Klosterneuburg, Austria.

Present address: Kavli Institute of Nanoscience, Department of
Quantum Nanoscience, TU Delft, 2628 CJ Delft, The Netherlands.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2026/8(3)/033196(8)

033196-1

ultrahigh vacuum to reach the backaction-dominated regime
[13]. Quantum control of optically levitated nanoparticles has
enabled cooling their center-of-mass motion to the ground
state [14—18].

Currently, a prime goal of levitated optomechanics is to ex-
pose quantum features of the mechanical state of the particle
[19-21]. First steps have been taken within the realm of Gaus-
sian states by squeezing the fluctuations of one mechanical
quadrature of the particle below their zero-point value [22,23].
These approaches exploit a unique feature of optically levi-
tated systems, whose resonance frequency can be tuned over
a wide range by controlling the trapping-laser power. This
mechanism allows engineering a squeezing operation via
parametric modulation of the oscillator eigenfrequency [24].

Besides decoherence, another obstacle of little fundamen-
tal but significant practical concern is the stability of the
experimental conditions [25-27]. Many experimental repeti-
tions are required to expose the statistical properties peculiar
to quantum mechanics. Slow fluctuations of the experimental
parameters, termed ‘“‘shot-to-shot noise,” have challenged the
levitated-optomechanics community when creating squeezed
states of mechanical motion [22,23]. Such low-frequency
fluctuations are considered as shot-to-shot in nature in the fol-
lowing limit. First, the time between consecutive experimental
repetitions (shots) is sufficiently long for the uncontrolled
parameter to change appreciably. Second, the duration of a
single shot is short enough for the noise to be constant on that
timescale.

For example, Kamba and Aikawa have identified the differ-
ence in the center of optical mass and center of inertial mass
together with the particle’s orientation as a contributor to shot-
to-shot fluctuations [28]. They have averaged this noise to zero
during each single realization of the experiment by rapidly
spinning the particle [22]. A very different type of shot-to-shot
noise is encountered in experiments using a charged particle
[29], which experiences a Coulomb force due to uncontrolled
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FIG. 1. Experimental setup. A dielectric nanoparticle is optically
trapped in a focused laser beam (optical axis z) in ultrahigh vacuum
(UHV). The phase of the light backscattered by the particle is com-
pared to a local oscillator (LO) to measure the particle position along
z. A feedback (FB) force is applied to cool the particle motion. The
stiffness of the optical trap is modulated via the laser intensity with a
pair of acousto-optic modulators (AOMs).
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electric stray fields. In practice, the duration of a single ex-
perimental shot is much shorter than the temporal spacing
between the runs, such that a slowly varying electric stray field
manifests as shot-to-shot force noise limiting effective state
purity [23]. Reference [23] has taken first steps to significantly
reduce the impact of such shot-to-shot force noise by suitably
modulating the particle’s trapping potential.

At a more abstract level, shot-to-shot noise observed in
optomechanics effectively yields an ensemble broadening,
where each member of the ensemble corresponds to one re-
alization of the experiment. This situation is reminiscent of
the effective dephasing encountered by an ensemble of spins
whose Larmor frequencies slightly differ [30]. The existence
of powerful echo protocols that refocus spin ensembles and
effectively cancel the ensemble dephasing [31,32] raises the
question whether similar decoupling techniques exist to make
state-expansion protocols for mechanical oscillators robust
against shot-to-shot noise.

Here, we propose and experimentally realize a protocol
that cancels shot-to-shot force noise in squeezing protocols
for harmonic oscillators that rely on a stepwise modulation of
the oscillator frequency. Our oscillator-echo protocol embeds
the desired squeezing manipulation in between two decou-
pling steps that effectively refocus the ensemble akin to a
spin-echo protocol. We implement our protocol using an op-
tically levitated nanoparticle as an experimental platform and
demonstrate shot-to-shot force-noise suppression to the limit
where the observed quadrature variances are limited by mea-
surement backaction.

II. EXPERIMENTAL SETUP

Our experimental setup is the one detailed in Refs. [23,33]
and schematically illustrated in Fig. 1. A silica nanoparticle
(nominal diameter 100 nm, mass 1.2 fg) is trapped in an x-
polarized laser beam (wavelength 1550 nm, power ~ 600 mW,
optical axis z) focused with an aspheric lens (numerical aper-
ture 0.8). The center-of-mass oscillation frequencies of the
nanoparticle are (£2;, 2, 2,)/(27) = (52, 141, 175) kHz.

We mildly feedback cool the transverse modes (x, y) of the
particle to exclude any nonlinear coupling between the center-
of-mass modes and focus on the motion along z throughout
the remainder. Our optical trap is installed in a closed-cycle
cryostat at a cold-plate temperature of 4 K.

We use cold damping to reduce the center-of-mass temper-
ature of the particle to a phonon population of n = 1.2 + 0.6,
limited by the detection efficiency n = 0.14 of our system
[15].

The feedback is implemented by acting on the particle
(which carries a few elementary charges [34]) with a Coulomb
force that is proportional to the particle speed, as derived
from the position measurement [35,36]. Measurement
backaction, i.e., the radiation pressure shot noise exerted
by the trapping laser, gives rise to a recoil heating rate
Fgp/@2rn)=B3.4+05)kHz. A pair of acousto-optic
modulators allows us to control the trap-laser intensity in
a stepwise manner (switching time ~200 ns, much faster
than the particle’s oscillation period). A reduction of the laser
intensity by a factor 72 has a twofold effect: It decreases the
oscillator frequency by r and, simultaneously, reduces the
backaction rate by r>. We note that errors are given as single
standard deviations throughout this work.

III. STATE EVOLUTION DURING A FREQUENCY JUMP

One approach to manipulate the quadrature uncertainties
of a levitated nanoparticle is to instantaneously switch the
oscillator’s resonance frequency from the initial value Q to
the reduced value Q2/r, with r > 1, for a finite time [22,23,37—
39]. This parametric operation is termed a “frequency jump”
[40,41]. In the following, we revisit what happens to a Gaus-
sian state under a frequency jump.

We model a quantum harmonic oscillator of mass m and
eigenfrequency  using the state vector v = [Q, P]7, where
Q = 2/zyp and P = p/p,, are position z and momentum p,
each normalized by their respective zero-point values z,, =

h/(2mQ2) and p,, = 4/himS2/2. The evolution of the state

vector is governed by the quantum Langevin equation
v(t) = Av(t) + w(t) +£(). (1)

The first term describes the deterministic evolution of the state
vector in the harmonic potential. For a potential with reduced
eigenfrequency 2/r, the drift matrix reads

0 Q
A= (—Q/r2 0)' )

The second term w(z) describes a stochastic force acting on
the oscillator, which can, e.g., be due to a thermal bath. For
an optically levitated nanoparticle in ultrahigh vacuum, this
stochastic force is dominated by measurement backaction ac-
cording to w(t) = ,/I‘qb/r2Xin(t)[0, 117, where Xin(¢) is the
zero-mean amplitude quadrature of the tweezer field with au-
tocorrelation function (Xi,(#)Xi,(t')) = 8(t — t')/2. The third
term £(z) = £(t)[0, 1] describes the action of a deterministic
force f(t). In the following, we model the effect of shot-to-
shot noise by assuming that the force f(t) = fy is constant
over a single run of the experiment but can change from
run to run. Our model ignores damping since its influence is
negligible on the timescale of our experiments.
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Equation (1) determines the evolution of any initial state
vector vo = v(t = 0) during a time ¢ to the final state

V(1) = @, (1)vo +/ @, (1 — s)[w(s) +folds.  (3)
0

The state-transition matrix transforming the initial state vector
reads

cos(0)
@-(0) = (—sin(e)/r

where 6 = Qt/r represents the phase picked up by the os-
cillator during time ¢. Note that ®,(¢) describes rotations of
phase-space points around the origin on elliptical trajectories.
This situation becomes obvious when rewriting the state-
transition matrix as

®,(0) = S(V/P®1(0)S ™ (Vr), &)

where ®;(f) is a simple (circular) rotation matrix and
S(/r) = diag[+/r, 1/4/r] describes a squeezing transforma-
tion along the phase-space coordinates with squeezing factor
NG

For Gaussian states, the phase-space distribution is fully
described by the state’s expectation value d = (v) and its
covariance matrix ¥ = (vv7) — (v)(v)7.

rsin(6 )) @)

cos(8)

A. Evolution of expectation values

Let us discuss the evolution of the mean d, starting at
dy = (vp), as given by Eq. (1). Note that, from here on, we
measure Q relative to the minimum of the effective potential
of stiffness 2 in the presence of f. Using (w(z)) = 0, we find

d(©) = ®,(0)dy +dy,(6). ©)

Therefore, the initial state undergoes a (squeezed) rotation
around the origin superimposed on a linear translation by the
displacement vector

rr—1
a0 =27
which is given by the constant force fj, the time of evolution
t, and the oscillator parameters 2 and r. It is particularly
instructive to visualize the trajectory of d(6) when starting at
the origin dy = [0, 0]7. In this case, the state’s mean is given
by dy, -(6) and traces an elliptical trajectory around the center
point

[r(1 — cosH), sin@], (7)

- [ﬁ(r2 -1 O]T ®)
fo.r Q ) :

This oscillation is intuitively explained as follows. If the po-
tential of stiffness €2 in the presence of the force f has its
minimum located at Q = 0, it will shift to 0y, , = 22 — 1)
when the stiffness is reduced by r. Rotation in phase space
around the point ¢y, , thus corresponds to oscillations around
this new minimum. In Fig. 2, we illustrate the elliptical trajec-
tories of the mean for two values of the constant force fj.

B. Evolution of covariance matrix

We now turn to the covariance of the state evolving under a
frequency jump according to Eq. (3). For an initial covariance

P M2 g~

FIG. 2. State-space evolution of a harmonic oscillator in a poten-
tial with reduced eigenfrequency 2/r for two different values of the
force f, (black) and f, < f, (red). The oscillator is initialized to a
circular Gaussian state at the origin (dashed circles). The trajectories
of the mean around the rotation centers ¢y, . and ¢y, , are shown as
the solid ellipses. The covariances are illustrated as dashed ellipses.
After evolution by a phase 6 = 7 /2 and 37 /2, the state is maximally
squeezed along the momentum axis. Averaging over many realiza-
tions including f, and f;, leads to an additional contribution to the
effective covariance, illustrated by the blue shading.

Y9 = X(t =0), we find
2(0) = ,(0)Z0P,(0)" + Z,(6). )]

The first term describes periodic squeezing (and antisqueez-
ing) of the quadrature variances due to the coherent evolution
of the state in the potential with reduced frequency 2/r. The

second term,
n- cos(29)]]>’ 10)

ST6) = L6 — Lsin(20)]
"0 D[ —cos20)] 20+ Lsin(26)

describes the monotonous growth of the position and momen-
tum variances due to the white force noise w(z) at the heating
rate I'. When heating is dominated by backaction, I" equals
Cqp. We illustrate the coherent evolution of the covariance
[first term in Eq. (9)] as the dashed ellipses in Fig. 2. The ini-
tially circular state is maximally momentum squeezed when
the phase acquired during evolution in the reduced-stiffness
potential is /2, and the covariance of the original state is
restored at phase 7.

Figure 2 also illustrates the problem arising from a force
fo that is constant during a single iteration of the experiment,
but randomly varies from iteration to iteration (shot-to-shot
noise). This situation corresponds to averaging over differ-
ent ellipsoidal orbits of the expectation values, each with a
different rotation center (two such orbits are illustrated in
Fig. 2). The additional covariance generated by shot-to-shot
force noise (illustrated by the blue shading in Fig. 2) is the
covariance of the displacement vector in Eq. (7), and reads

0L (P =17 [ r(1 — cos§)?

s (1 —cos®)siné
Jor ™ rQ2 (1 —cosH)sind :

sin? 6 /r
an
2

Here, o7 is the variance of the force fy evaluated over dif-
ferent iterations of the protocol. The added variance due to
shot-to-shot noise reaches a maximum at half a period (6 =
) and vanishes after a full period (0 = 2r) of evolution (see
Fig. 2). Therefore, it represents an obstacle for the generation
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FIG. 3. State-space evolution during the oscillator-echo protocol. (a) Step (i): The oscillator frequency is instantaneously reduced from 2
to Q/r' for a time corresponding to #; = 7 (see inset for frequency-jump sequence). The state’s mean is displaced along the Q axis due to
rotation around the center point ¢y, ./, illustrated for two values f, (blue) and f} (red) of the force fy. The state’s covariance at the end of the
step (solid circle) equals the one at the beginning (dashed) besides an increase due to white-noise heating (not illustrated). (b) Step (ii): The
oscillator frequency is reduced further to 2/r for any desired time (corresponding to the phase 6,), e.g., to prepare a squeezed state. When 7’ is
chosen correctly relative to r, the rotation points during the second step ¢y, , and ¢y, , fall at the position where the state’s mean is located, such
that no displacement of the mean occurs during this step. (c) Step (iii): The oscillator frequency is set back to €2/’ for a time corresponding to

65 = m as in step (i). The state is displaced back to the origin, irrespective of the value of the force fj.

of squeezed states using a frequency jump, which requires an
evolution by 0 = 7 /2.

IV. OSCILLATOR-ECHO PROTOCOL

Can we realize a squeezing protocol using a frequency
jump and, at the same time, cancel the contribution to the
covariance from shot-to-shot force fluctuations in a way other
than ensuring 020 = 0?7 We answer this question affirmatively
with a decoupling protocol, which we term the oscillator-echo
protocol. We illustrate the state evolution throughout our pro-
tocol in Fig. 3. We first provide an intuitive explanation before
treating the protocol with full quantitative rigor.

Our protocol consists of three steps. We start with a state
initialized at the phase-space origin. In step (i), the oscillator
frequency is instantaneously lowered from Q to Q/r" for a
duration corresponding to the phase angle 6, = . In the
presence of a force fj, a state starting at the origin is displaced
in phase space along the Q axis due to a rotation around the
point ¢y, - given by Eq. (8). The covariance of the state after
evolution by 6; = & returns to its starting value besides the
contribution by white-noise heating [see Eq. (9)]. We illus-
trate the evolution for two different values of the force fj in
Fig. 3(a). In step (ii), illustrated in Fig. 3(b), the frequency is
lowered further to Q/r (with r > ') for a time corresponding
to the angle 6,, which can be freely chosen. Importantly, as
we rigorously show below, when picking r’ correctly relative
to r, the rotation center ¢y, ., during step (ii), falls exactly at
the position where the state’s mean has been brought to during
step (i), irrespective of the value of f;. In other words, step (ii)
effects a squeezing operation by a frequency jump without any
displacement of the state. In step (iii), illustrated in Fig. 3(c),
the frequency is returned to the intermediate value Q/r' to
acquire the phase 63 = m, before it is switched to the starting
value €2. During this last step, the state rotates around the same
point as during step (i), which depends on the value of f, such
that the state’s mean returns to the starting point, irrespective
of the value of fj.

Let us quantitatively model the oscillator-echo protocol.
The evolution of the state’s mean during the three steps is de-
termined by concatenating the transformations in Egs. (6) and
(7) with the appropriate phase angles and squeezing factors.
Noting that ®,-(r) = —1, with 1 the identity matrix, we find

for the mean of the state at the end of the three-step sequence
dr’rr’ (92) - qu(HZ)dO - cDr(QZ)dfo,r’ (7[)
- dﬂ],r(QZ) + dﬁ],r’(n)~ (12)

Tracing the evolution of the covariance through the three steps
using Eqgs. (9) and (10), we find

S (62) = ©1(62) S0P, (62)" + (62 ()P, (62)"
+ X, (02) + X (1) + (dyyd), ). (13)

The first term on the right-hand side describes the evolution
of the initial covariance ¥, during step (ii). Note that steps
(i) and (iii) represent an identity transformation that leaves
%o unchanged. The second term describes the contribution
by heating during step (i) according to Eq. (10), propagated
through step (ii) without a further effect by step (iii), since it
is the identity operation. The third term stems from heating
during step (ii), unchanged by step (iii), and the fourth term is
heating during step (iii). The final term resembles the added
covariance due to shot-to-shot noise.

Importantly, upon choosing the frequency ratio ' for steps
(i) and (iii) to be

ry =2+ )2, (14)

the last three terms in Eq. (12) vanish and the mean evolves
according to
dr’ rr’p(02) = ®r(92)d0- (15)

op’ o)

Thus, under this optimal choice r(/,p, which only depends on
the experimental parameter r, the evolution of the mean is
entirely determined by step (ii) via ®,(6,). Most importantly,
since the evolution of the mean does not depend on the
force fy, the last term in Eq. (13) vanishes. As a result, the
oscillator-echo protocol cancels any contribution to the final
state variance by shot-to-shot fluctuations of the force fj.
Notably, the squeezing ratio r and angle 6, during step (ii),
which fully determine the final state at the end of the protocol,
can be freely chosen.

The price paid for decoupling the squeezing operation in
step (ii) from shot-to-shot noise is the heating picked up
during the decoupling steps (i) and (iii), represented by the
second and fourth term in Eq. (13). This additional covariance,
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FIG. 4. (a) Oscillator frequency during the oscillator-echo protocol realized in panels (b)—(f), with r = V4 and Q /(2mw) = 52 kHz. The
total duration of the frequency-jump sequence is 49.6 ps. The colored numbers indicate the sampling times at which the state was probed in
panels (b)-(f). (b) Close-up of panel (c) around the origin of phase space, showing the state at the beginning (red) and at the end (blue) of
the protocol. The displacement d of the state’s mean by the protocol is shown as the solid arrow. The eigenvalues of the covariance matrix
Vp and Vj, represent the main axes of the covariance ellipse (black dashed). (c) Evolution of the state throughout the oscillator-echo protocol.
The color coding of the data points corresponds to the sampling times indicated in panel (a). The small dashed ellipses (black) illustrate the
covariances of the state at the different sampling times. The two purple dashed ellipses indicate the trajectories in phase space as given by stray
field values of f; £ oy,. (d)—(f) Close-up of plot (c), showing the state at ts, t, and #7, respectively. (g) Measured magnitude of the phase-space
displacement |d| as a function of 7’ at the end of the protocol (¢;). (h) Measured determinant of the covariance matrix V" = det(X) at the
end of the protocol (#;). In panels (g) and (h), the squeezing ratio is » = +/10 (yielding a total duration of the frequency-jump sequence of
75.6 ps). The dashed gray lines are fits to Eqs. (12) and (13). See main text for details. Error bars include the standard error of the mean over
100 experimental runs and the systematic uncertainty of the calibration.

in general, depends on 6, and r. It is instructive to consider
an identity operation (6, = ) during step (ii). In this case,
Eq. (13) simplifies to

of the cryostat. The point clouds are color coded to provide
the assignment to the sampling times in Fig. 4(a).

When observing the point clouds representing the state
during step (i) of the protocol (sampling times ¢#; to fs, cor-
responding to 0, 7 /4, w /2, 37 /4, and 7, respectively), we
see the mean of the state rotating away from the phase-space
origin on an elliptical orbit. The center of this orbit [marked
with a black circle in Fig. 4(c)] represents the mean of the
force fj acting on the levitated particle according to Eq. (8).
The ellipticity of the orbit is given by r/, the squeezing factor
applied during steps (i) and (iii) of the protocol.

Regarding the spread of the data points, quantified by their
covariance matrix [illustrated as the dashed black ellipses in
Fig. 4(c)], we observe an increase during this first step of the
protocol, in particular, of the position variance. Recall that,
for a force fy that is constant over all experimental runs, the
covariance matrix after an evolution by 7, i.e., at the end of
step (i), returns to its starting value (besides a small contribu-
tion due to heating), as described by Eq. (9). Therefore, the
observed increase of the covariance ellipse at time #5 [shown
separately in Fig. 4(d)] as compared to ¢, is a result of the
force fy changing from shot to shot.

In Figs. 4(d)-4(f), we show the state at the beginning (ts),
in the middle (), and at the end (#7) of step (ii). The identity
operation (phase 6, = ) effected during this step can be
thought of as a squeezing step (during the first /2, finished
at t) directly followed by an antisqueezing step (during the
second /2, completed at #7). One would therefore expect
the position variance to be boosted by r> = 4 at 5 as com-
pared to its value at #5 and #;, while the momentum variance
should be suppressed by the corresponding inverse factor 2.
Strikingly, the effect of the shot-to-shot force fluctuations is

Sy, () = Bo + By () + 28, (7). (16)
where the last term on the right-hand side is the penalty due
to the decoupling steps.

V. EXPERIMENTAL DEMONSTRATION

We experimentally demonstrate the oscillator-echo proto-
col in Fig. 4. For the sake of example, we implement an
(ideally) identity operation in step (ii), corresponding to a
phase angle 6, = 7. For the data shown in Figs. 4(a)—4(f), we
lower the resonance frequency of the oscillator by r = /4,
such that the phase angle m corresponds to the time t = 19
us in the potential softened to 2/r. We embed step (ii) be-
tween two frequency jumps by rgp according to Eq. (14),
corresponding to steps (i) and (iii) of the protocol. The full
frequency-jump sequence is shown in Fig. 4(a). Feedback
cooling is turned off 3.6 ps before the start of the frequency-
jump sequence and re-engaged 1000 us after its end.

To characterize the evolution of the state throughout the
protocol, we interrupt it before completion by switching the
oscillator frequency back to 2 to sample the phase-space
distribution using the method established in Ref. [23]. The
11 sampling times are indicated in Fig. 4(a) and labeled ¢
with s € {1, ..., 11}. For each sampling time, we repeat the
protocol 100 times and display the obtained phase-space co-
ordinates as data points in Fig. 4(c). The repetition rate of the
experiment is 1 Hz, set by the period of the cryocooler cycle
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strong enough to completely obscure the visibility of any
squeezing when observing the state at fg and comparing to 75
and ;.

The evolution of the state during step (iii) is visualized by
the distributions at times #g to f;; in Fig. 4(c) [corresponding
to the phases m /4, m/2, 3mw /4, and =, respectively, picked
up during step (iii)]. Importantly, at the end of the step, the
state’s mean and variance return close to their starting values,
such that the oscillator-echo protocol indeed cancels the effect
of the varying force, as intended. From our data, we now
estimate the fluctuations of the force f; from shot to shot.
From the measured covariance matrices at the times #; to fs,
we extract the standard deviation oy, = (22.7 =3.2) aN/p,,
of the force fy using Eq. (11). Since the fluctuations of fy
give rise to a spread in rotation centers in phase space, we
illustrate oy, in Fig. 4(c) as horizontal error bars (drawn in
purple) on the mean rotation point (black dot). Furthermore,
we plot the two phase-space trajectories corresponding to
fo £ oy, as purple dashed ellipses in Fig. 4(c). As an aside, we
remark that it will be interesting to investigate higher-order
moments of fy in future work. Their existence is heralded
by the visibly non-Gaussian distribution of the data points in
Figs. 4(d)-4(f). Furthermore, the data in Figs. 4(d) and 4(f)
do not appear to follow the same distribution. This observa-
tion indicates that the distribution of f sampled from is not
constant and changes from the recording of one dataset to the
next. Prime suspects leading to shot-to-shot fluctuations of f;
are electrical-noise pickup, fluctuating patch-charge potentials
on the electrodes [42] or nearby dielectrics [43]. Importantly,
our protocol is entirely agnostic to the distribution of f, since
its influence is canceled on the level of each individual run of
the experiment.

We now turn to a quantitative assessment of the noise
cancellation provided by the oscillator-echo protocol. To this
end, we compare the state variance at the beginning of the
protocol (¢;) and at the end (#;;). The corresponding data
are shown in magnified form in Fig. 4(b). As a measure for the
total state size, we evaluate the determinant of the covariance
matrix V' = det[X]. As an illustrative example, for a state
whose covariance ellipse is aligned with the Q and P axes,
this total covariance is simply the product of the position and
momentum variance V' = /VpVj, as illustrated in Fig. 4(b).
The extracted variance of the state at ¢; is V,\* = 4, and grows

to Vtﬁ" = 6.5 at 111. The final variance predicted by our model

for the ideal protocol is V,:?t’th = 5.5. The discrepancy between
experiment and theory can be explained by two contributions.
First, our protocol only cancels shot-to-shot noise. In other
words, any fluctuation of the force f; during a single iteration
of the experiment remains uncompensated. Second, an addi-
tional variance can arise from an imperfection in the execution
of the oscillator-echo protocol, such as an imperfectly chosen
value of 7.

A hint toward such an imperfect choice of ' is given in
Fig. 4(b), where we observe that the expectation value of the
final state does not perfectly return to that of the initial state.
The observed displacement can be explained by a choice of
that differs by 0.3% from r/ . We denote this displacement in
phase space by the vector d. In Fig. 4(g), we investigate the
magnitude of the displacement |d|. In this experiment, we use
a squeezing ratio r = +/10. We sweep the squeezing factor r/

of steps (i) and (iii) while appropriately adjusting the duration
of both steps to maintain the acquired phase 6; = 03 = 7.
We observe that |d| is minimized when r’ approaches r(/)p, as
expected. We fit the data to Eq. (12), shown as the dashed
line, and obtain the fit parameter fo = (144 = 17) aN/p,,.
The minimal value of |d| is ultimately limited in practice by
the frequency stability of the oscillator. Future experiments,
aiming to exploit significantly larger values of r, may require
active stabilization of the oscillator frequency.

Finally, we investigate how the covariance of the state V'™
is affected by r’ in Fig. 4(h). The measured data points show a
minimum for ' = rg,, as expected. We show the fit of Eq. (13)
to the data as the dashed line, and extract as a fit parameter
of, = (6.95 4+ 0.91) aN/p,,. The difference of the values of
oy, extracted from Figs. 4(c) and 4(h) can be explained by the
use of a different particle with a different charge-to-mass ratio.
Remarkably, the values found for o, closely align with the
force fluctuations observed in a different experimental setup
reported in Ref. [29]. It remains to be explored whether this
match hints at a common mechanism by which the electric
stray-field fluctuations are generated.

The minimal variance achieved experimentally in Fig. 4(h)
according to the fit is V' = 8.03 = 1.07. This result matches
the expectation V> = 7.9 & 0.5 calculated with Eq. (16) us-
ing the experimentally determined values of I'qp, n, and n
quoted in the experimental section of this work together with
their respective errors. Our measurements therefore demon-
strate suppression of shot-to-shot noise to a level where
white-noise heating (dominated by measurement backaction
in our experiment) is the main contributor to the total state
variance, as spelled out in Eq. (16). In summary, Figs. 4(g)
and 4(h) show that, indeed, there exists an optimal value of #’
that minimizes the residual displacement of the state’s mean
and reduces the state’s variance to the backaction limit. These
findings further underline our solid understanding of the ex-
perimental system and the effectiveness of the oscillator-echo
protocol for noise cancellation.

VI. CONCLUSIONS

In conclusion, we have proposed and demonstrated an
experimental technique to suppress the detrimental effects
of shot-to-shot force fluctuations in levitated-optomechanics
squeezing experiments. Our protocol relies on embedding the
state-expansion step of the protocol between two decoupling
steps that together cancel the effects of the force before and
after the expansion step. We have experimentally demon-
strated the cancellation of shot-to-shot force noise to the limit
posed by the backaction noise present during the additional
decoupling steps required by the protocol.

We envision that our oscillator-echo protocol will be useful
in future levitodynamics experiments that aim to generate ex-
tremely squeezed states of mechanical motion [44]. Numerous
proposals rely on a charged particle to generate non-Gaussian
states of motion, for example, by interfacing the nanoparticle
with anharmonic electric potentials or to enable long free
evolutions in the presence of gravity [25,26,45]. Our protocol
will aid in protecting those experiments from the detrimental
effects of inevitable electric stray fields [42,46]. Furthermore,
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it will be interesting to extend the protocol to related scenar-
ios, such as evolution in an inverted potential [29,47].

In addition, our protocol will enable further improve-
ments in impulsive-force sensing with levitated nanoparticles
[33,44,48], with promising applications in identifying dark
matter and testing theories that predict elementary particles
outside the current standard model [3,49-51].

Finally, our protocol is a harmonic-oscillator analogy of
spin-refocusing and dynamical decoupling techniques [30],
such as the Hahn echo [31], developed in the context of
nuclear magnetic resonance and electron spin resonance [32].
Therefore, this work provides a bridge between these foun-
dational spin-control techniques and modern nanomechanical
oscillators. This connection may inspire the development of
further techniques to combat noise and experimental instabil-
ities in optomechanics.

ACKNOWLEDGMENTS

This research was supported by the Swiss State Secretariat
for Education, Research, and Innovation (SERI) under Con-
tracts No. UeM019-2 and No. UeM029-3, the Swiss National
Science Foundation (CH) 224465 (Grant No. 212599), and
the European Research Council (ERC) under the Grant Agree-
ment No. 951234 (Q-Xtreme ERC-2020-SyG). M.C.S. thanks
the Swiss National Science Foundation (SNSF) for support
through Grant No. 224465.

DATA AVAILABILITY

The data illustrated in the figures of this manuscript are
publicly available [52].

[1] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[2] M. Croquette et al., Recent advances toward mesoscopic quan-
tum optomechanics, AVS Quantum Sci. 5, 014403 (2023).

[3] D. Carney et al., Mechanical quantum sensing in the search for
dark matter, Quantum Sci. Technol. 6, 024002 (2021).

[4] W. H. Zurek, Decoherence and the transition from quantum
to classical—Revisited, in Quantum Decoherence: Poincaré
Seminar 2005, edited by B. Duplantier, J.-M. Raimond, and V.
Rivasseau (Birkhéuser, Basel, 2007), pp. 1-31.

[5] K. Jacobs and D. A. Steck, A straightforward introduction to
continuous quantum measurement, Contemp. Phys. 47, 279
(2006).

[6] G. S. MacCabe, H. Ren, J. Luo, J. D. Cohen, H. Zhou,
A. Sipahigil, M. Mirhosseini, and O. Painter, Nano-acoustic
resonator with ultralong phonon lifetime, Science 370, 840
(2020).

[7] N. J. Engelsen, A. Beccari, and T. J. Kippenberg, Ultrahigh-
quality-factor micro- and nanomechanical resonators using
dissipation dilution, Nat. Nanotechnol. 19, 725 (2024).

[8] M. Rossi, D. Mason, J. Chen, Y. Tsaturyan, and A. Schliesser,
Measurement-based quantum control of mechanical motion,
Nature (London) 563, 53 (2018).

[9] G. Huang, A. Beccari, N. J. Engelsen, and T. J. Kippenberg,
Room-temperature quantum optomechanics using an ultralow
noise cavity, Nature (London) 626, 512 (2024).

[10] C. Gonzalez-Ballestero, M. Aspelmeyer, L. Novotny, R.
Quidant, and O. Romero-Isart, Levitodynamics: Levitation
and control of microscopic objects in vacuum, Science 374,
eabg3027 (2021).

[11] O. Romero-Isart, A. C. Pflanzer, M. L. Juan, R. Quidant, N.
Kiesel, M. Aspelmeyer, and J. I. Cirac, Optically levitating
dielectrics in the quantum regime: Theory and protocols, Phys.
Rev. A 83, 013803 (2011).

[12] D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J. Ye,
O. Painter, H. J. Kimble, and P. Zoller, Cavity opto-mechanics
using an optically levitated nanosphere, Proc. Natl. Acad. Sci.
USA 107, 1005 (2010).

[13] V. Jain, J. Gieseler, C. Moritz, C. Dellago, R. Quidant, and L.
Novotny, Direct measurement of photon recoil from a levitated
nanoparticle, Phys. Rev. Lett. 116, 243601 (2016).

[14] U. Deli¢, M. Reisenbauer, K. Dare, D. Grass, V. Vuleti¢, N.
Kiesel, and M. Aspelmeyer, Cooling of a levitated nanoparticle
to the motional quantum ground state, Science 367, 892 (2020).

[15] F. Tebbenjohanns, M. L. Mattana, M. Rossi, M. Frimmer, and L.
Novotny, Quantum control of a nanoparticle optically levitated
in cryogenic free space, Nature (London) 595, 378 (2021).

[16] L. Magrini, P. Rosenzweig, C. Bach, A. Deutschmann-Olek,
S. G. Hofer, S. Hong, N. Kiesel, A. Kugi, and M. Aspelmeyer,
Real-time optimal quantum control of mechanical motion at
room temperature, Nature (London) 595, 373 (2021).

[17] M. Kamba, R. Shimizu, and K. Aikawa, Optical cold damping
of neutral nanoparticles near the ground state in an optical
lattice, Opt. Express 30, 26716 (2022).

[18] J. Piotrowski, D. Windey, J. Vijayan, C. Gonzalez-Ballestero,
A. de los Rios Sommer, N. Meyer, R. Quidant, O. Romero-
Isart, R. Reimann, and L. Novotny, Simultaneous ground-state
cooling of two mechanical modes of a levitated nanoparticle,
Nat. Phys. 19, 1009 (2023).

[19] O. Romero-Isart, Quantum superposition of massive objects
and collapse models, Phys. Rev. A 84, 052121 (2011).

[20] C. Wan, M. Scala, G. W. Morley, A. A. Rahman, H. Ulbricht, J.
Bateman, P. F. Barker, S. Bose, and M. S. Kim, Free nano-object
Ramsey interferometry for large quantum superpositions, Phys.
Rev. Lett. 117, 143003 (2016).

[21] S. Nimmrichter, D. Ritzel, 1. C. Bicket, M. S. Seifner, and P.
Haslinger, Electron-enabled nanoparticle diffraction, Phys. Rev.
Lett. 135, 173601 (2025).

[22] M. Kamba, N. Hara, and K. Aikawa, Quantum squeezing of a
levitated nanomechanical oscillator, Science 389, 1225 (2025).

[23] M. Rossi, A. Militaru, N. C. Zambon, A. Riera-Campeny, O.
Romero-Isart, M. Frimmer, and L. Novotny, Quantum delocal-
ization of a levitated nanoparticle, Phys. Rev. Lett. 135, 083601
(2025).

[24] X. Ma and W. Rhodes, Squeezing in harmonic oscillators with
time-dependent frequencies, Phys. Rev. A 39, 1941 (1989).

[25] M. Roda-Llordes, A. Riera-Campeny, D. Candoli, P. T.
Grochowski, and O. Romero-Isart, Macroscopic quantum su-
perpositions via dynamics in a wide double-well potential,
Phys. Rev. Lett. 132, 023601 (2024).

[26] L. Neumeier, M. A. Ciampini, O. Romero-Isart, M.
Aspelmeyer, and N. Kiesel, Fast quantum interference of

033196-7


https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1116/5.0128487
https://doi.org/10.1088/2058-9565/abcfcd
https://doi.org/10.1080/00107510601101934
https://doi.org/10.1126/science.abc7312
https://doi.org/10.1038/s41565-023-01597-8
https://doi.org/10.1038/s41586-018-0643-8
https://doi.org/10.1038/s41586-023-06997-3
https://doi.org/10.1126/science.abg3027
https://doi.org/10.1103/PhysRevA.83.013803
https://doi.org/10.1073/pnas.0912969107
https://doi.org/10.1103/PhysRevLett.116.243601
https://doi.org/10.1126/science.aba3993
https://doi.org/10.1038/s41586-021-03617-w
https://doi.org/10.1038/s41586-021-03602-3
https://doi.org/10.1364/OE.462921
https://doi.org/10.1038/s41567-023-01956-1
https://doi.org/10.1103/PhysRevA.84.052121
https://doi.org/10.1103/PhysRevLett.117.143003
https://doi.org/10.1103/3bvs-ymd7
https://doi.org/10.1126/science.ady4652
https://doi.org/10.1103/2yzc-fsm3
https://doi.org/10.1103/PhysRevA.39.1941
https://doi.org/10.1103/PhysRevLett.132.023601

MARTYNAS SKRABULIS et al.

PHYSICAL REVIEW RESEARCH 8, 033196 (2026)

a nanoparticle via optical potential control, Proc. Natl. Acad.
Sci. USA 121, e2306953121 (2024).

[27] J. S. Pedernales and M. B. Plenio, Robust macroscopic matter-
wave interferometry with solids, Phys. Rev. A 105, 063313
(2022).

[28] M. Kamba and K. Aikawa, Revealing the velocity uncertainties
of a levitated particle in the quantum ground state, Phys. Rev.
Lett. 131, 183602 (2023).

[29] G. P. Seta, L. Devaud, L. Dania, L. Novotny, and M. Frimmer,
Shot-to-shot displacement noise in state-expansion protocols
with inverted potentials, Phys. Rev. Lett. 136, 123602 (2026).

[30] C. P. Slichter, Principles of Magnetic Resonance, Third En-
larged and Updated Edition, Springer Series in Solid-State
Sciences (Springer, Berlin, 1990), Vol.1.

[31] E. L. Hahn, Spin echoes, Phys. Rev. 80, 580 (1950).

[32] L. Viola and S. Lloyd, Dynamical suppression of decoherence
in two-state quantum systems, Phys. Rev. A 58, 2733 (1998).

[33] M. Skrabulis, M. C. Sosa, N. C. Zambon, A. Militaru, M. Rossi,
M. Frimmer, and L. Novotny, Nanomechanical sensor resolving
impulsive forces below its zero-point fluctuations, Phys. Rev.
Lett. 136, 233604 (2026).

[34] M. Frimmer, K. Luszcz, S. Ferreiro, V. Jain, E. Hebestreit, and
L. Novotny, Controlling the net charge on a nanoparticle opti-
cally levitated in vacuum, Phys. Rev. A 95, 061801(R) (2017).

[35] F. Tebbenjohanns, M. Frimmer, A. Militaru, V. Jain, and L.
Novotny, Cold damping of an optically levitated nanoparticle to
microkelvin temperatures, Phys. Rev. Lett. 122, 223601 (2019).

[36] G.P. Conangla, F. Ricci, M. T. Cuairan, A. W. Schell, N. Meyer,
and R. Quidant, Optimal feedback cooling of a charged levitated
nanoparticle with adaptive control, Phys. Rev. Lett. 122, 223602
(2019).

[37] E. Bonvin, L. Devaud, M. Rossi, A. Militaru, L. Dania, D. S.
Bykov, O. Romero-Isart, T. E. Northup, L. Novotny, and M.
Frimmer, State expansion of a levitated nanoparticle in a dark
harmonic potential, Phys. Rev. Lett. 132, 253602 (2024).

[38] M. L. Mattana, N. C. Zambon, M. Rossi, E. Bonvin, L. Devaud,
M. Frimmer, and L. Novotny, Trap-to-trap free falls with an op-
tically levitated nanoparticle, Phys. Rev. A 113, 023510 (2026).

[39] D. Steiner, Y. Y. Fein, G. Meier, S. Lindner, P. Juschitz, M. A.
Ciampini, M. Aspelmeyer, and N. Kiesel, Free expansion of
a charged nanoparticle via electrostatic compensation, Appl.
Phys. Lett. 127, 191103 (2025).

[40] M. Xin, W. S. Leong, Z. Chen, Y. Wang, and S.-Y. Lan, Rapid
quantum squeezing by jumping the harmonic oscillator fre-
quency, Phys. Rev. Lett. 127, 183602 (2021).

[41] J. Janszky and P. Adam, Strong squeezing by repeated fre-
quency jumps, Phys. Rev. A 46, 6091 (1992).

[42] M. Brownnutt, M. Kumph, P. Rabl, and R. Blatt, Ion-trap mea-
surements of electric-field noise near surfaces, Rev. Mod. Phys.
87, 1419 (2015).

[43] M. Bruff, L. Sonderhouse, K. N. David, J. Stuart, D. H. Slichter,
and D. Leibfried, Compatibility of trapped ions and dielectrics
at cryogenic temperatures, Phys. Rev. Lett. 136, 093204 (2026).

[44] G. Marocco, D. C. Moore, and D. Carney, Three-dimensional
squeezing of optically levitated nanospheres, Phys. Rev. A 114,
013504 (2026).

[45] S. Casulleras, P. T. Grochowski, and O. Romero-Isart, Op-
timization of static potentials for large delocalization and
non-Gaussian quantum dynamics of levitated nanoparticles un-
der decoherence, Phys. Rev. A 110, 033511 (2024).

[46] M. Teller, D. A. Fioretto, P. C. Holz, P. Schindler, V. Messerer,
K. Schiippert, Y. Zou, R. Blatt, J. Chiaverini, J. Sage, and
T. E. Northup, Heating of a trapped ion induced by dielectric
materials, Phys. Rev. Lett. 126, 230505 (2021).

[47] G. F. M. Tomassi, D. Veldhuizen, B. Melo, D. Candoli, A.
Riera-Campeny, O. Romero-Isart, N. Meyer, and R. Quidant,
Accelerated state expansion of a nanoparticle in a dark inverted
potential, Phys. Rev. Res. 8, L012026 (2026).

[48] Y.-H. Tseng, C. A. Hardy, T. W. Penny, C. Lowe, J. Baeza-
Rubio, D. Carney, and D. C. Moore, Optomechanical detection
of individual gas collisions, arXiv:2604.18371.

[49] D. C. Moore and A. A. Geraci, Searching for new physics using
optically levitated sensors, Quantum Sci. Technol. 6, 014008
(2021).

[50] D. Carney, K. G. Leach, and D. C. Moore, Searches for massive
neutrinos with mechanical quantum sensors, PRX Quantum 4,
010315 (2023).

[51] F. Monteiro, G. Afek, D. Carney, G. Krnjaic, J. Wang, and
D. C. Moore, Search for composite dark matter with optically
levitated sensors, Phys. Rev. Lett. 125, 181102 (2020).

[52] M. Skrabulis, M. C. Sosa, N. C. Zambon, A. Militaru, M. Rossi,
L. Novotny, and M. Frimmer, Data for “Shot-to-shot noise can-
cellation for parametric oscillators”, ETH Zurich, 2026, https:
//doi.org/10.3929/ethz-c-000803400.

033196-8


https://doi.org/10.1073/pnas.2306953121
https://doi.org/10.1103/PhysRevA.105.063313
https://doi.org/10.1103/PhysRevLett.131.183602
https://doi.org/10.1103/y1q9-pnlc
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/9wzm-3qyb
https://doi.org/10.1103/PhysRevA.95.061801
https://doi.org/10.1103/PhysRevLett.122.223601
https://doi.org/10.1103/PhysRevLett.122.223602
https://doi.org/10.1103/PhysRevLett.132.253602
https://doi.org/10.1103/47pz-74fc
https://doi.org/10.1063/5.0303460
https://doi.org/10.1103/PhysRevLett.127.183602
https://doi.org/10.1103/PhysRevA.46.6091
https://doi.org/10.1103/RevModPhys.87.1419
https://doi.org/10.1103/wj8m-1nlq
https://doi.org/10.1103/38cw-9lv4
https://doi.org/10.1103/PhysRevA.110.033511
https://doi.org/10.1103/PhysRevLett.126.230505
https://doi.org/10.1103/r7t1-w311
https://arxiv.org/abs/2604.18371
https://doi.org/10.1088/2058-9565/abcf8a
https://doi.org/10.1103/PRXQuantum.4.010315
https://doi.org/10.1103/PhysRevLett.125.181102
https://doi.org/10.3929/ethz-c-000803400

