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Asingle particle trapped in a harmonic potential can exhibit rich motional
quantum states within its high-dimensional state space. Quantum

characterization of motion is key, for example, in controlling or harnessing
motionintrappedion and atom systems or observing the quantum

nature of the vibrational excitations of solid-state objects. Here we show
that the direct measurement of position and momentum can be used for
quantum tomography of motional states of a single trapped particle.

We obtain the momentum of an atom in an optical tweezer via time-of-flight
measurements, which, combined with trap harmonic evolution, grants us
access to all quadrature distributions. Starting with non-classical motional
states of atrapped neutral atom, we demonstrate the Wigner function
negativity and coherence of non-stationary states. Our work will enable the
characterization of the complex neutral atom motion thatis of interest

for quantuminformation and metrology, and for investigations of the
quantum behaviour of massive levitated particles.

The creation and full reconstruction of quantum states with genuine
non-classical behaviour has played a key role in the development of
quantum systems. Such reconstructions are perhaps most familiar
in quantum optics as demonstrations of the quantum nature of light.
In these experiments, state characterization has been accomplished
both with homodyne tomography'* and by coupling photons to a
spin degree of freedom in cavity or circuit quantum electrodynam-
ics (QED)>*. The associated quasiprobability distributions that are
obtained, such as the Wigner function, are useful tools for analysing
non-classical behaviour. Although quasi-classical coherent states
have strictly positive Wigner functions, other states, such as excited
Fock states and Schrodinger cat states, can exhibit regions of negative
phase-space density that have no classical analogue.

For particles with mass, the observation of non-classical states
of motion is equally intriguing. Non-classical behaviour of a trapped
particle was observed in seminal state generation and tomography
of single ions harnessing a spin degree of freedom’, and is of current

interest, for example, in encoding trapped-ion qubits for error cor-
rection®. Increasingly, it is of interest to obtain quantum motional
control over large mass objects both in the solid state’ ™ and for trapped
dielectric particles™". Suchlarge dielectric particles, and their control
inthe quantumregimein optical tweezers, are of interestin the search
for electrical non-neutrality of matter, fundamental force law devia-
tions, dark matter and in exploring the interplay between gravity and
quantum mechanics”. It is now possible to cool the centre-of-mass
motion ofadielectric particle to its quantum ground state’* %, but lack
ofacontrollable spin degree of freedom provides abarrier to quantum
controland characterization. It hasbeen proposed that afirst proof of
quantum behaviour of these objects is most naturally achieved using
nonlinear potential landscapes and time-of-flight tomography'*°.
Time-of-flight tomography requires not only measuring the momen-
tum of the system of interest, but also harnessing coherent time evo-
lution in the trap to rotate through the phase space spanned by both
position and momentum’. This natural analogy to optical homodyne
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Fig.1| Tomography sequence and notation. a, Many time-of-flightimages of a
single atom released from the optical tweezer are averaged to measure the
momentum distribution of a quantum state of motion. An example image of an
n,=2stateisshown. b, A complex initial state (green ellipse) is prepared in an
optical tweezer. Circle sizes and colours indicate example relative state
populations and phases. The state evolves over a time t.. The tweezer is turned
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offfrom a depth of V;, and the atom expands in free space (blue arrows) for a fixed
flight time t.. ¢, The distribution measured after a given evolution time ¢, in the
trap, p(6) = p(wyt.), isageneralized quadrature measurement of the initial state.
At specific ¢,, this generalized quadrature can be equivalent to the momentum
quadrature p = p(0)or the position quadrature x = (xo/po)p(x/2).

tomography has not been harnessed to characterize a non-classical
state of asingle trapped particle.

Time of flight is a long-standing technique in relation to atomic
gases, lattices and beams® ?*. So far, probing of motional quantum
states using this technique has focused on single-quadrature ensemble
properties of trapped atoms®, tomography in atomic beam experi-
ments?®, or the dynamics of collective modes of agas”. For the micro-
scopic control of single neutral atoms, optical tweezers have evolved
into a versatile platform. In this context, time of flight may also be
employed, and has been used, to measure thermal single atoms?®, and
recently to probe spin correlations in few-fermion systems®. In this
Article we harness single-atom sensitivity combined with measure-
ments at multiple quadrature angles to carry out fulltomography and
reveal negative-valued Wigner functions in the harmonic oscillator
state space of asingle particle®.

Asillustrated in Fig. 1, to obtain a time-of-flight image we suddenly
turn off the optical tweezer and allow the atom to fly in free space for a
fixed time ¢, We thenaverage many suchimages to determine the momen-
tum distribution at the time of release. We extract arbitrary quadrature
distributions by combining time-of-flightimaging within-trap harmonic
evolution for a time ¢, (Fig. 1b,c). We start with a state ¢, (¢, = 0) that we
want to characterize, and measuring this initial state via time of flight
gives the momentum quadrature p(t. = 0) = p. If we allow the atom
with mass mto evolve in anideal harmonic trap, the in-trap momentum
after atime ¢, is the rotated quadrature p(6) = p cos 8 + (po/xg)x sin 6
(Fig. 1c), where 6 = w,t,, and xo = #/(2mw,) and py =  mhw,/2 are
the characteristiclengthand momentum of the harmonic oscillator with
angular frequency w,. By varying the evolution time ¢,, we can extract an
ensemble of quadrature distributions p(0) for 6 € [0, 2mt], analogous
to what is done in optical homodyne tomography. The quadratures
can be used to reconstruct the complete quantum state of the particle
or the Wigner function W(x, p). We note that, in terms of x, and p,, the
Heisenberg uncertainty relation takes the form (Ax/x,)(Ap/p,) >1, where

Ax and Ap are the root-mean-square (RMS) size of the corresponding
Wigner functionin phase space. For example, in these characteristic units,
Ax/xy = +/2n, + 1for Fockstate |n,).

In our experiments we test our protocol with multiple motional
states, such as Fock states and displaced Fock states. To create the
near-ground state of a single neutral ¥Rb atom, we use Raman side-
band cooling™. To then create non-classical motional states, we use
versatile control of quantum tunnelling in the optical tweezer®. This
capability does not rely on internal states and spin-motion coupling
as in standard trapped-ion settings”*, and hence can be extended
to polarizable particles with no controlled internal degrees of
freedom. With large mass dielectric particles, although quantum
tunnelling is not experimentally feasible, it has been proposed that
other non-harmonic potentials created by optical tweezers can enable
quantum-state synthesis?>*"*,

Our experiments start by stochastically loading single Rb atoms
into optical-tweezer traps using grey optical molasses and ascertaining
the presence or absence of an atom through an initial in-trap fluores-
cence image. We then use optical molasses cooling followed by
three-dimensional (3D) Raman sideband cooling in a trap of depth
1.0 mK to prepare the atom close to the three-dimensional motional
ground state |n,, n,, n,) = |0, 0, 0) (Supplementary Information)>°.
Thetrapisthenadiabatically ramped downto adepth of 0.33 pK where
theremaining thermal populationis allowed to escape to further purify
theinitial state.

Inthefirst set of experiments, we measure the momentum distri-
bution of motional states at ¢, = O (Fig. 2). After preparing the state of
interest, we adiabatically ramp the trap to afinal depth Vi/kz =2.4 pK,
where k; is the Boltzmann constant, and then abruptly turn off the
trap (Supplementary Information). We then wait for a flight time ¢;
before applying resonant light for 7 =10 ps and collecting fluores-
cence on an electron-multiplying charge coupled device (EMCCD)
camerathroughthe 0.55-numerical aperture (NA) lens that creates the
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Fig.2|Single-atom Fock-state preparation and imaging. a-c, Illustration of
motional state preparation of n € {0, 1, 2} states, respectively. d-f, Time-of-flight
momentum distributions at ¢, = 0 and for ¢;= 0.5 ms of n, = (0, 1, 2) states for
which (64,008, 48,309, 58,899) images were averaged, respectively.

opticaltweezers. We repeat this procedure to realize multiple instances
of single atom momentum measurements, and collect enough datato
create an averaged momentum distribution that is observable above
the camera noise. Experimental runs where an atom is not detected
in the initial in-trap fluorescence image are used to characterize our
imaging background, which is then subtracted from our captured
momentum distribution (Supplementary Information).

We first characterize the expansion dynamics of an atom pre-
pared close to the ground state of the optical tweezer with angular trap
frequencies w, , , (Fig. 2a,b). The initial RMS size of the ground state
in position space is estimated as x, = 86 nm, which is well below the
resolution of our imaging system. At an expansion time of ¢;= 0.5 ms,
the atomic probability distribution has expanded to a RMS size of
2.4(1) pm, whichis resolved by ourimaging system (Fig. 2d). By study-
ing the expansion as a function of flight time ¢;, we can ascertain that
the expansion’s kinetic energy observed in the radial directions of
(ks x 0.256(16) 11K)/2is partly driven by the expected zero-point kinetic
energy of the harmonic oscillator, £,,/2 = hw,. ,/4 = (ks * 0.188(1) pK)/2
(Supplementary Information). The difference in energy is due to the
finite temperature of the atoms, which can also be seen in Raman
spectroscopy (Supplementary Information).

Starting with a ground-state atom, we create n,=1or n,=2
motional Fock states using 1D tunnellingin adouble well. The orienta-
tion of the double well during tunnelling breaks the radial symmetry of
the tweezers, allowing us to only populate x-axis excited states (Supple-
mentary Information). The tweezer is moved to 0.88 pumfromasecond
empty optical tweezer ontheright, and withboth tweezers near adepth
of 1.8 pK we bring the ground state of the left tweezer nearly energeti-
cally resonant with higher-n,states of the right tweezer. Then, with an
adiabaticsweep of the relative tweezer depths, the atomis transferred

into the target excited state of the right tweezer (Fig. 2b,c; Supplemen-
tary Information)®. The two tweezers are then slowly separated and
the intensity of the left tweezer is ramped to zero, releasing any atom
that did not successfully transfer to avoid polluting the final image
(Supplementary Information). We abruptly turn the remaining right
tweezer offfrom 2.4 pK and proceed with the same imaging procedure
asforthe n,= Ostate. Theresulting n, = 1and n, = 2 momentum distri-
butionsinFig.2e,fshow the characteristic fringing thatis expected of
the excited motional states.

We now proceed to the full tomographic characterization of
motional states. In these experiments, we study multiple quadrature
distributions by waiting a variable amount of evolution time ¢, before
releasing the atom and imaging the result. We can visualize the quad-
rature data as time-sequence waterfall plots (Fig. 3a,d,g), which are
derived from our raw distributions by deconvolving with the imag-
ing point spread function (PSF) and integrating out the vertical axis
(Supplementary Information). We study states with a goal of testing
the capacity of time-of-flight tomography to identify non-classicality
and phase preservation, as well as subtle non-stationary features.
First, we create a coherent state by starting with an n, = O state in the
Vi/ky = 2.4 pK trap and abruptly displacing the optical tweezer by
180 nm. We find that the state oscillates back and forth in the trap,
as expected (Fig. 3a). Next, we produce an n,=1Fock state using the
same protocol as the data presented in Fig. 2bin a Vi/k; = 1.8 pK trap.
In addition, after the tunnelling and optical tweezer separation, the
depth is suddenly doubled, resulting in application of a squeezing
operation. This additional step, while reducing the fidelity of then, =1
statesslightly, is useful to characterize our ability to see nuanced behav-
iour in the tomography (Supplementary Information). The atom is
thenreleased fromatrap of Vi/k; = 3.6 pK. We observe that the state is
mostly stationary, as expected, with the addition of a slight breathing
from the squeezing induced by the depth jump (Fig. 3d). Finally, we
combine multiple techniques by starting with an n, = 1 state, applying
the sudden doubling of the trap depth, and in addition displacing the
optical tweezer by 140 nm. As shown in Fig. 3g, we are able to observe
the expected oscillation dynamics of the state in the trap.

To reconstruct the quantum state from the quadrature data, we
chose to use maximum likelihood estimation (MLE)** (Supplementary
Information). An appropriately designed MLE algorithm takes the
quadrature data and returns the density matrix that is most likely to
reproduce the data®*. Weimplemented aniterative MLE protocol based
onthestandard optical homodyne tomography literature®®, and from
the density matrix, the Wigner functionis recovered (Fig. 3).

The results of applying the MLE algorithm to the quadrature
data are presented in Fig. 3b,c,e,f,h,i. The coherent state displays
off-diagonal coherences but, as expected, a positive Wigner function
(Fig.3b,c). The non-Gaussian state preparation associated with Fig.3d,g
resultsin the density matrices and Wigner functions with negative val-
uesdisplayedinFig.3e,f. The value and statistical error on the density
matrix and Wigner function negativity are estimated by a bootstrap-
pingtechnique®, inwhich we randomly sample predicted quadrature
and noise distributions based on the MLE result and our camera noise
characterization, respectively. We then extract the density matrices of
these datasets to create astatistical ensemble of density matrices and
Wigner functions (Supplementary Information). The nearly station-
ary n,=1state displays a dominant n,=1component and the Wigner
minimumisfoundtobe-0.060(6) where the valuein parenthesisisthe
loerrorbased ourbootstrapping technique (Fig. 3e). Adding adisplace-
ment demonstrates non-trivial off-diagonal coherences and anegative
Wigner function value at the displaced centre of -0.064(6) (Fig.3h,j).

A full assessment of the reconstructed wavefunction must also
consider systematic errors, which we have studied in detail (Supple-
mentary Information). Trap anharmonicity, for example, will result
in measured quadratures that do not simply follow from the rotated
quadratures of the ideal protocol. We determine the impact of
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Fig.3|Motional quantum state tomography via time-of-flightimaging and
maximum likelihood estimation. a-i, Measured quadrature data, Wigner
functions and density matrix Hinton plots for the displaced n,=n,= 0

state (a-c), n,=1state (d-f) and displaced n, = 1 state (g-i). For the n,=1states,
aslight squeezing operatoris also applied. The quadrature data are presented as
waterfall plotsina, dand g. Each vertical slice corresponds to a raw quadrature
distribution, such as in Fig. 2, after deconvolving with the imaging PSF and
integration along the vertical axis. The measured data (upper waterfall plot)
are compared to the expectation for ideal preparation and harmonic time
evolution based on our protocol (lower waterfall plot). The Wigner functions
inb, eand hshow classical positive values as red and non-classical negative
values as blue. We normalize the Wigner function such that the ideal negativity

ofapuren,=1stateis —1/m. The Hinton plots (c,f,i) for density matrices are
reconstructed via MLE. The area of each square is proportional to the magnitude
ofthe corresponding element’s complex value, and the colour of the square
represents the element’s phase. For reference, the first four diagonal values
infare0.21,0.43,0.12and 0.065.j, The p = O slice of reconstructed Wigner
functions from h (red), and equivalent slices as reconstructed through a
bootstrapping method (dark purple) that characterize the statistical uncertainty
of our reconstruction algorithm (upper diagram). The perfect displaced and
squeezed n = 1state (black) is shown for comparison to experimental data
(lower diagram). k, Evolution of the measured centre of the coherent state
(greencircles) and damped sinusoidal fit (black line), which is used to
characterize the trap frequency and anharmonicity.

anharmonicity by theoretically assessing the tomography protocol
based on a model using measured trap parameters. We estimate our
trap anharmonicity by studying the coherent state oscillations of
Fig. 3a over alonger time (Fig. 3k). The centre of the Gaussian oscil-
lates at 7.84(5) kHz, and decays with a time constant of 0.63(14) ms.
A model of the trap containing an anharmonic term is fitted to match
the observed damping. For a displaced n, =1 state in this model, we
compare the reconstructed states obtained from MLE after evolution
inatrap withand without our modelled anharmonic terms. We observe
onlyasmallinfidelity of <5% between the resulting reconstructed states,
and the Wigner function minimum for anharmonicevolution is smaller
inmagnitude by <0.01 compared to harmonic evolution, and remains
negative (Supplementary Information). In the future, the large dynamic
range and control afforded by optical traps can be used to control the
harmonicity. Specifically, a shallow double-well or other anharmonic
traps could be used for state creation, and the tomography could be
carried out after ramping to amuch deeper and less anharmonic trap.

We have demonstrated quantum tomography of non-classical
single-atom motional states. By using time-of-flight imaging, we
have measured negative-valued Wigner functions with non-trivial

phase-space structure for a single atom. This work lays the founda-
tion for tomography and characterization of massive levitated parti-
cles without exploitable spin structure™®*>*, Furthermore, our work
expands the horizon of the study of motion in neutral atom systems.
Time-of-flight tomography can be directly extended to the study of
high-n motional superposition states®®, highly squeezed states and
interference of complex delocalized states®. Motional control and
preservation is a component of the pursuit of high-fidelity Rydberg
gates*®, and phonons may even become useful as a long-lived har-
monic oscillator resource in neutral atom systems. For both cases,
full state characterization is an elucidating capability. In the con-
text of multi-particle dynamics, the ability to fully characterize the
single-particle wavefunction via time-of-flight tomography of indi-
vidual particles, as well as to access detailed information regarding
higher-order momentum and spatial correlators, willopen up comple-
mentary capabilities to more thoroughly survey the complex nature of
quantum many-body states**. Such possibilities include determining
the degree of non-separability arising from theinterplay ofinteractions
and quantum statistics, as well as certifying and quantifying different
types of entanglement present in few-body systems.
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Methods

Tweezer generation and control

The optical tweezers were generated by sending light at a wavelength
of 850 nm through two orthogonal Intraaction ATD-1803DA2.850
acousto-optic deflectors (AODs), which were driven simultaneously
with multiple radiofrequency (RF) tones to create multiple deflec-
tions. The horizontal AOD was used to generate the two deflections
used for tunnelling, to avoid complications arising from gravity.
The vertical AOD was used to direct extra laser power far away from
the main tweezers holding atoms, enabling reduction of the depth
of the main tweezers by many orders of magnitude, even with a
limited-intensity servo dynamic range. The relative depths of the
traps were modified by dynamically adjusting the amount of RF
power in each tone driving the horizontal AOD. The tweezers were
moved by changing the frequencies of the RF tones driving the
AODs. The Supplementary Information provides a summary of all
time sequences.

We used a stochastic AGM process to load a V/k; = 0.58 mK deep
trap. The loading technique we used is capable of up to ~90% loading
efficiency®. However, because interleaving background images, in
whichno atomisinitially loaded, provides useful information, we used
sub-optimal loading at 50-80% efficiency.

Imaging

The camera used was an Andor IXON-EM+ back-illuminated EMCCD
camera (model no. DU-897E-CO0-#BV-9GT). The 780-nm imaging
light was collected through the same high-NA objective lens used to
create our tweezer array and split from the optical tweezer light using
a dichroic mirror. We set the objective to NA = 0.55 and measured
the optical-tweezer trap parameters that corroborated this value.
Supplementary Information discusses the camera noise and artefacts
indetail, as well as the motional tomography analysis.

Theimaginglight applied during time of flight was near-resonant
and operated withintensity /> I, during the pulse of duration7=10 ps.
Thelight wasappliedinapower-balanced o,, o_polarization configura-
tiononthe D, F=2to F' = 3¥Rb transition.

Red-detuned polarization gradient cooling (RPGC) and the associ-
ated light scattering was used to determine the presence or absence
of the atom at the start of the experiment. Time-of-flight images
were post-selected based the presence of anatomin the RPGC image.
Some time-of-flight images that recorded cosmic ray events were
additionally removed in post-selection. The RPGC cooling was in a
balanced, o' — 0™ configuration with zero background magnetic field.
During the imaging, we alternated trap light and imaging light at a
2-MHz flashing rate***. This eliminated light shifts and anti-trapping
effects during the scattering of the imaging light to create more
uniformimages.

Data availability
The data that support plots and other findings in this paper are
available from the authors on reasonable request.
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