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Revealing the Velocity Uncertainties of a Levitated Particle in the Quantum Ground State
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We demonstrate time-of-flight measurements for an ultracold levitated nanoparticle and reveal its
velocity for the translational motion brought to the quantum ground state. We discover that the velocity
distributions obtained with repeated release-and-recapture measurements are significantly broadened via
librational motions of the nanoparticle. Under feedback cooling on all the librational motions, we recover
the velocity distributions in reasonable agreement with an expectation from the occupation number, with
approximately twice the width of the quantum limit. The strong impact of librational motions on the
translational motions is understood as a result of the deviation between the libration center and the center of
mass, induced by the asymmetry of the nanoparticle. Our results elucidate the importance of the control
over librational motions and establish the basis for exploring quantum mechanical properties of levitated

nanoparticles in terms of their velocity.
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The ingenious control over the motions of nano- and
micromechanical oscillators has, over the past decade,
opened up a wide variety of opportunities such as
quantum transducers [ 1,2], ultrasensitive force and position
sensors [3,4], and nonreciprocal devices [5—8]. Recent
years have witnessed remarkable achievements in manipu-
lating levitated nanomechanical oscillators in the quantum
regime [9-14], opening exciting possibilities of exploring
fundamental physics [15-17] and macroscopic quantum
mechanics [18-20].

In previous studies with levitated nanoparticles, preci-
sion in situ measurements of their center-of-mass (COM)
position have been a central building block for realizing
feedback controls at the quantum level [9—12], in analogy
with experiments on clamped oscillators. In quantum
mechanics, the uncertainty principle imposes a restriction
that the position and the velocity cannot be measured
simultaneously with infinite precision, dictating the impor-
tance of measuring them independently. One of the unique
features of levitated nanoparticles is the possibility to let
them fly freely by releasing them from the trap and to
measure their velocities via time-of-flight (TOF) measure-
ments. Such a scheme has been commonly employed in
experiments with ultracold atoms, where the momentum
distributions and coherence properties of atomic gases are
imaged after TOF expansions and the velocity distributions
serve as a standard means for thermometry [21]. For
levitated nanoparticles, momentum measurements via
TOF have been suggested as one of the promising
approaches to realize quantum state tomography of their
motional states in the quantum regime [22]. Nevertheless,
such measurements for levitated nanoparticles have been
reported only at high occupation numbers of > 5000 in the
context of static force sensing [23].
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This Letter demonstrates TOF measurements with a
release-and-recapture protocol for an ultracold levitated
nanoparticle [Fig. 1(a)], whose motional degree of freedom
is cooled to the ground state of a harmonic potential,
thereby revealing their velocity distributions with approx-
imately twice the quantum-limited velocity uncertainty. In
comparison with the collection of single-shot TOF mea-
surements for separate particles, the release-and-recapture
protocol for a specific particle enables us to realize more
elaborate exploration of its motional as well as geometrical
properties. The presence of librational motions signifi-
cantly broadens the velocity distributions, showing their
strong impact on the dynamics of translational motions
during TOF, while we recover the velocity width expected
from the independently measured occupation numbers
under feedback cooling of librational motions [14,24].
Based on a simple model of a rigid body, we identify an
atomic scale displacement between the COM of the trapped
nanoparticle and the center of librational motions as a cause
of the observed broadening. Our study reveals a profound
relation between translational and librational motions that
has been imperceptible with in situ position measurements,
and shows the necessity of the control over librational
motions in velocity measurements. Our work greatly
contributes to the interferometry experiments for levitated
nanoparticles [25,26], where narrow velocity distributions
are highly desirable. The presented approach is also
valuable as a means to precisely characterize the minute
motion of nanoparticles near the ground state, which is
nearly obscured by photon shot noise with in sifu position
measurements.

In our experiments, we trap a nearly spherical neutral
silica nanoparticle with a radius of R = 174(3) nm and a
mass of m = 4.9(3) x 1077 kg in a single site of an optical
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FIG. 1. Overview of the experiments. (a) A levitated nano-
particle, whose motional degree of freedom is cooled to the
ground state, is released from a harmonic trap and recaptured to
the same trap. From the amplitude of the oscillation, the
displacement during the TOF is derived. In the presence of
librational motions in an optical trap, the nanoparticle can rotate
during the TOF. (b) Schematic of the experimental setup. A
nearly spherical nanoparticle is trapped in an optical lattice. Three
translational motions are feedback-cooled via optical cold damp-
ing, while three librational motions are electrically feedback-
cooled. To turn off the light for the TOF measurements, an
acousto-optic modulator (AOM) is used. Optical cold damping is
realized with an electro-optic modulator (EOM) for the z
direction and with an AOM for the x and y directions. In this
Letter, we explore the motions along the z direction with the
oscilloscope.

A A

lattice in the vacuum chamber (Fig. 1). An optical lattice
provides an advantage of a high oscillation frequency
ensured by the tight spatial confinement for a given laser
intensity, which is beneficial for reaching the quantum
ground state. To form the optical lattice, we focus a single-
frequency fiber laser with a wavelength of 1550 nm and a
power of 176 mW to a beam waist of about 1.2 pm and
retroreflect approximately a quarter of the incident power
via a partially reflective mirror placed in the chamber [27].
The retroreflected beam has a beam waist of about 1.7 pm.
It is crucial to prepare a neutral nanoparticle because the
motion of a charged nanoparticle during the TOF is
strongly influenced by fluctuating electric fields [23].
During the TOF measurements, the background gas pres-
sure is kept at about 2 x 107 Pa. By detecting the scattered
light via photodetectors, we observe the three dimensional
motions of the trapped nanoparticle. The three translational
motions are cooled via optical feedback cooling [12,14,30].
The motions along the x and y directions have oscillation
frequencies of {Q,,Q,} =27 x {62,74} kHz and are

cooled to occupation numbers of {n,,n,} = {6(1),6(1)}.
In the following discussions, we focus on the motion along
the optical lattice (z direction), which has an oscillation
frequency of Q. /27 = 209 kHz. We realize feedback cool-
ing of the motion in the z direction to n, < 1 via a dedicated
optical setup for detecting the scattered light and the
reduction of the laser intensity noise [12]. In this study,
n, can be varied in the range between 0.8 and 40 by
controlling the feedback gain.

The trapped nanoparticle is slightly deviated from a
sphere. In an anisotropic optical trap formed via a linearly
polarized light, an aspherical nanoparticle is subject to
orientational confinements around three orthogonal
axes, resulting in librational motions around these
axes [14,31-36]. These motions have frequencies between
10 and 40 kHz, from which we determine that the nano-
particle is deviated from a sphere by about 0.5% under an
assumption that it is an ellipsoid [14]. When the nano-
particle is trapped in the optical lattice, the COM motion in
the z direction is well-decoupled from librational motions
because Q./2z is far from the librational frequencies.
Because of the low heating rate of these motions, their
amplitudes vary slowly with timescales of more than
seconds. The three librational motions can be feedback-
cooled by manipulating a naturally existing electric dipole
moment in the nanoparticle via time-dependent electric
fields synchronized to these motions [14,37]. We apply
electric fields for librational cooling (LC) via two electro-
des and two metal housings for lenses placed in the vacuum
chamber (Fig. 1). The temperatures of librational motions
are estimated to be lower than 30 mK [14].

To measure the velocity of the nanoparticle along the z
direction, we release the nanoparticle by abruptly turning
off the trapping laser for tyorp = 68 ps and recapture it in
the same laser [Fig. 2(a)]. ttor 1s chosen to satisfy
Q. tror > 1 such that the initial position uncertainty is
negligible after the TOF. The nanoparticle is recaptured in
the same site of the optical lattice because the displacement
during the TOF is more than 2 orders of magnitude smaller
than the lattice spacing. After being recaptured, the nano-
particle oscillates in the optical lattice with nearly constant
amplitudes, from which we obtain the position displace-
ments Az during the TOF [23] [Fig. 2(b)]. The position
signal is obtained through frequency filters to extract only
the COM motions along the z direction [27]. The velocity
of the nanoparticle before the TOF is obtained as
v = Az/tror. Feedback cooling of all the motional degrees
of freedom is turned off during this procedure such that it
does not affect any motions.

We repeat the same time sequence for about 150 times
and derive velocity distributions [Figs. 2(c) and 2(d)].
The number of repetition is confirmed to be sufficient
to obtain reliable values for the velocity widths [27].
The velocity distribution follows the Maxwell-Boltzmann
distribution
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FIG. 2. TOF measurements. (a) Time sequence of the TOF
measurements. Feedback cooling for translational and librational
motions is turned off during the TOF measurements. (b) A typical
oscillation signal after the nanoparticle is recaptured. In the inset,
an expanded view is shown. The signal is obtained through a
high-pass filter such that the motions in x and y directions are
excluded from the signal. (c) Velocity distribution for n, = 0.80
with LC. The solid line is a Gaussian fit. (d) Velocity distribution
for n, = 0.87 without LC. The width of the distribution is
significantly broadened by the presence of librational motions
in the trap. The solid line is a Gaussian fit.
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where Av = /AQ_(2n, + 1)/m is the velocity width with
7 being the reduced Planck constant. Equation (1) is also
valid for a classical harmonic oscillator with the motional
temperature of 7Q_(n, + 1/2)/kg with kp the Boltzmann
constant. The quantum mechanical nature appears as a
finite velocity uncertainty of /A€, /m even at n, = 0. The
experimentally observed distribution fits well with a
Gaussian distribution. From the fit, we extract the width
of the distribution that contains the information on the
uncertainty in the velocity of the nanoparticle in the
optical trap.

At the lowest 71, close to the ground state, we observe a
velocity width of about 3.5(4) pm/s, which is in reason-
able agreement with the value calculated from 7, and is
approximately twice the quantum-limited velocity width of
1.7 pm/s (Fig. 3). The slight discrepancy between experi-
ments and calculations at around n, ~ 1 may suggest the
presence of other broadening mechanisms such as fluctua-
tions of retroreflecting mirrors for forming an optical
lattice, which have never been detected with position
measurements. When we increase n,, we observe accord-
ingly larger velocity widths, which are in good agreement
with the calculated values and confirm the validity of our
measurements.

Surprisingly, we discover that the velocity widths are
significantly broadened when LC is not applied. We
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FIG. 3. Measured velocity width with respect to the occupation

number. The vertical error bars reflect both statistical errors in
fitting the distributions and systematic errors in calibrating the
displacement, while the horizontal error bars indicate systematic
errors in temperature measurements. The blue solid line shows
calculations with Eq. (2) with Aw = 0, where the uncertainty in
calculations due to the error in m is shown by shaded area. With
LC, the observed velocity widths are in reasonable agreement
with the calculations. Without LC, the velocity widths are
significantly broader than the calculation. The red solid line
shows a fit on the results without LC via Eq. (2). The dashed line

shows the quantum limited velocity uncertainty of |/AQ./m.

observe nearly constant velocity widths at n, < 10, approx-
imately twice the width obtained at the lowest occupation
number with LC. In any cases, the observed profiles are in
good agreement with Gaussian. Our observation strongly
suggests that librational motions shift the COM position
during the TOF randomly. Such a behavior can never occur
if the COM of the nanoparticle is placed exactly at the
intensity maximum of the optical trap and the center of the
librational motions lies at the COM.

To understand the observed behavior, we consider two
possible models of a rigid body in two dimensions, without
assuming a specific geometry for the nanoparticle, and
compare the results [Figs. 4(a) and 4(b)]. In the first model,
we assume that optical feedback cooling of the translational
motions locks the point inside the nanoparticle, which we
call the optical center, at the intensity maximum of the
optical trap, while the COM is displaced by &, from the
optical center. Because the position measurement is per-
formed optically, what we observe in our experiments is the
motion of the optical center. Any librational motion
modulates the COM position in the trap even with trans-
lational cooling. In this model, the COM has both the
translational and angular velocities, both of which induce
the displacement of the optical center during the TOF [27].

In the second model, we assume that the COM lies at the
intensity maximum of the optical trap, while the center of
the librational motions, which we call the libration center, is
displaced from the COM by &,. What we optically observe
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FIG. 4. Comparison between two models to explain the
observed broadening via librational motions. (a) Definition of
coordinates for the first model at r = 0. (b) Definition of
coordinates for the second model at # = 0. (c) Numerically
obtained histogram for the first model. The parameter &, is set
to 6.7 nm to reproduce the observed broadening. The solid line is
a Gaussian fit. (d) Numerically obtained histogram for the second
model. The parameter &, is set to 0.29 nm to reproduce the
observed broadening. The solid line is a Gaussian fit.

is the motions of the COM. Within the trap, the COM is
modulated by librational motions and possesses a finite
velocity, which induces the displacement during the TOF.
The difference from the first model is the absence of the
contribution from the rotation during the TOF [27].

We numerically evaluate the distributions obtained
with the two models and find a qualitative difference
in the profiles [Figs. 4(c) and 4(d)]. The first model
exhibits a profile with a long tail at large displacements.
In addition, depending on the value of ¢, the profile is
asymmetric [27]. By contrast, the profile of the second
model is symmetric and is Gaussian. From this argument,
we conclude that the observed correlation between libra-
tional motions and the translational displacement during
the TOF is well described by the second model. In the
second model, we can derive an expression of the velocity
width as

Av=1/hQ, (20, + 1)/m + 25(80)% ()

where Aw is the uncertainty in the angular velocity before
the TOF and ¢y = /2 is assumed for simplicity [27]. By
fitting the observed velocity widths without LC using
Eq. (2), we find &,Aw = 4.4(3) pm/s, from which we
derive the displacement &, = 2.0(1) x 1071 m, compa-
rable to the size of an atom. Here, we used a measured
uncertainty in the angular velocity of Aw/2z = 3.5(2) kHz
due to librational motions around the x and y axis in the
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FIG. 5. Deviation of the libration center from the COM.
(a) Definition of coordinates for an asymmetric nanoparticle to
derive the libration center. We consider an asymmetric nano-
particle obtained by attaching a semisphere (lower half; radius of
a) and a prolate semispheroid (upper half; major semiaxis ¢ and
minor semiaxis a) at the r = —ry plane. The COM lies at the
origin of the pgr coordinate. The xyz coordinates are defined
by the optical trap (lab frame) and are related to the pgr
coordinates by (p,q,r)={—zcosy+ (x—&,)siny,y,zsiny +&,+
(x—&,)cosy }. The nanoparticle is rotated around an axis parallel
to the y axis, which passes through the point (x, y, z) = (&,,0,0),
by w. Because of the rotation, the COM does not lie at the origin
of the xyz coordinate. The coordinates (p,q,r) are used for
integrating the optical potential within the nanoparticle. The
libration center lies at (p, g, r) = (0,0, &,). (b) Calculated ¢, as a
function of the asymmetry of the nanoparticle ¢/a. The deviation
between the libration center and the COM is calculated for the
geometry shown in (a). The radius « is assumed to be 174 nm.
The COM motional frequencies are set to Q,/2z = 62 kHz and
Q. /27 =209 kHz. These values are required for calculating
&, via Eq. (7) in the Supplemental Material [27].

absence of LC [27]. Our model allows us to predict the
residual influence of librational motions on the velocity
width to be about 1% of the quantum limit at a librational
temperature of 30 mK. Note that, although the potential
depth experienced by the recaptured nanoparticle is de-
pendent on the rotation angle during the TOF, the velocity
fluctuation arising from such an effect is more than 1 order
of magnitude smaller than the quantum-limited veloc-
ity width.

In the following argument, we consider an asymmetric
geometry for the nanoparticle, where an asymmetry indi-
cates a difference in geometry between two halves of the
nanoparticle and is not mere differences in radii of an
ellipsoid, and elucidate the origin of the deviation of the
libration center from the COM. To capture the essence of
the problem, we focus on an asymmetric nanoparticle made
of a semispheroid in the upper side and of a semisphere in
the lower side [Fig. 5(a)]. The libration center is determined
as a point around which the torque exerted by the optical
potential is symmetric. This fact implies that the libration
center does not necessarily agree with the COM. In fact, our
calculation based on the integration of the optical potential
within an arbitrary volume of the nanoparticle under the
generalized Rayleigh-Gans approximation [27,38-40]
reveals a displacement of 1.2 x 107!% m for the considered
geometry with an asymmetry of 0.5% [Fig. 5(b)]. Given
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that the actual nanoparticle can be asymmetric in three
dimensions, the presented simple model provides a rea-
sonable explanation on the observed deviation of the
libration center. Thus, we find that, if the shape of the
trapped nanoparticle is known, the TOF measurements in
the absence of LC enable us to quantify the asymmetry of
the trapped nanoparticle, which is an effect beyond the
assumption of a mere ellipsoid.

In conclusion, we realize velocity measurements via
TOF with a release-and-recapture protocol for character-
izing the motional properties of ultracold levitated nano-
particles brought to the ground state. The demonstrated
measurements of velocity widths can also work as an
independent thermometry as has been employed in cold
atom experiments. Even in the state-of-the-art experiments,
the optically observed motion of nanoparticles cooled to the
ground state is nearly masked by photon shot noise. TOF
measurements magnify their minute motion, thereby ena-
bling us to clearly find the uncertainty of their velocity.
One of the important applications of the TOF measure-
ments is quantum state tomography for the motion of
nanoparticles [22]. The presented TOF scheme is also
useful for observing the quantum interference of rotational
motions [41,42]. For the purpose of acceleration sensing
with levitated nanoparticles [43,44], the ultimate limit
originates from the uncertainty in their position, which
might be compressed by preparing mechanically squeezed
states [45-48]. To characterize these states, the demon-
strated TOF measurements will serve as a crucial tool. In
addition, TOF measurements enable us to measure transient
properties of the motions of nanoparticles, thereby enabling
us to elucidate the nonequilibrium dynamics of their
motion [49-51].

We note that, although the first model presented in
Fig. 4(a) does not agree with our observations, it is not
trivial whether the COM lies exactly at the intensity
maximum of the optical trap. Intuitively, the COM should
be located at the intensity maximum because each atom in
the nanoparticle is expected to equally contribute to both
the mass and the optical potential. However, the inhomo-
geneity of the amorphous glass material of the nanoparticle,
giving rise to fluctuations in both the density and the
polarizability [52,53], can cause a deviation of the COM.
By enhancing the sensitivity of the measurements with
many more TOF repetitions, such a deviation might be
detected as non-Gaussian, asymmetric profiles of velocity
distributions. The presented scheme opens avenues toward
the precision characterization of levitated nanoparticles in
terms of their geometry and their material.
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