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State Expansion of a Levitated Nanoparticle in a Dark Harmonic Potential
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We spatially expand and subsequently contract the motional thermal state of a levitated nanoparticle
using a hybrid trapping scheme. The particle’s center-of-mass motion is initialized in a thermal state
(temperature 155 mK) in an optical trap and then expanded by subsequent evolution in a much softer Paul
trap in the absence of optical fields. We demonstrate expansion of the motional state’s standard deviation in
position by a factor of 24. In our system, state expansion occurs devoid of backaction from photon recoil,
making this approach suitable for coherent wave function expansion.
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Introduction.—Quantum physics predicts that a massive
object can be prepared in a macroscopic quantum super-
position state. A particularly challenging definition of
“macroscopic” in this context requires that the center-
of-mass position is delocalized over length scales larger
than the physical size of the object [1,2]. The larger the
delocalization distance and mass of the object, the more
susceptible the state is to external signals and noise,
offering advantages for sensing [3.4] and testing quantum
mechanics [5,6], including its interplay with gravity [7,8].
Such macroscopic quantum superpositions have been
demonstrated with molecules as large as 10* atomic mass
units [9]. Over the past decade, levitated nanoparticles in
vacuum [2,10] have emerged as promising candidates to
increase the mass of such macroscopic quantum states by at
least 4 orders of magnitude [5,11-18]. The first important
merit of these levitated systems is that their motional state
can be purified by ground-state cooling [19-24]. Their
second important merit is that levitation offers the oppor-
tunity to manipulate the trapping potential and thereby
control the motional state of a levitated object [25-28].
This second merit sets levitated systems apart from
clamped optomechanical oscillators [29]. In those systems,
impressive optomechanical quantum control has been
achieved [30-37], but the length scale set by the zero-
point motion of the oscillator cannot be tuned in sifu.

Control over the trapping potential is a key requirement
in both approaches pursued to expand the wave function of
a levitated nanoparticle. The first approach relies on purely
optical potentials together with free evolution in the
absence of a potential [17]. The second approach aims
to exploit evolution in a dedicated potential in the absence
of decoherence due to measurement backaction inevitably
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associated with optical interactions [38—40]. To this end,
this strategy proposes to use dark, nonoptical potentials
generated by radio-frequency (rf) electric fields [15,18]. In
both approaches, state expansion has to occur in the
absence of laser light to avoid decoherence due to photon
scattering [15,38,39]. On the experimental side, hybrid
approaches of optical traps combined with rf (Paul) traps
have been investigated [41-47]. Exploiting a hybrid plat-
form for testing expansion protocols on classical states is an
outstanding task that would accelerate future progress
when moving to the quantum regime.

In this Letter, we expand the classical thermal state of
motion of a levitated nanoparticle by transferring it from an
optical trap to a weakly confining dark potential imple-
mented with a linear Paul trap. After evolution in the dark
potential, the particle is retrapped optically and its position
is measured, allowing for repetition of the protocol. We
demonstrate a maximum state expansion by a factor of 24
in standard deviation and subsequent contraction to the
starting size in addition to a contribution from heating
during the protocol. This Letter is an important step toward
coherent wave function expansion of levitated nanopar-
ticles in the quantum regime.

Frequency-jump protocol.—We start by illustrating the
dynamics of a harmonic oscillator with position u and
velocity iz under a so-called frequency-jump protocol
[4,48-51]. In this protocol, we initialize the oscillator in
a thermal state in a (stiff) potential with frequency w, and
period 7', (in this Letter implemented with an optical trap).
With appropriately normalized axes, this initial thermal
state is described in phase space by a symmetric Gaussian
distribution with widths Au, and Aty along the position
and velocity axes, respectively, illustrated in Fig. 1(a).

© 2024 American Physical Society
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FIG. 1. Phase-space representation of a particle in a harmonic
potential undergoing a frequency-jump protocol. (a) The particle
is initially in a thermal state, described by a uniform Gaussian
distribution of size Au,. (b) The state evolves in the weaker
potential for increasing 7;. (c) The maximum size Au,, is
reached for t;, =T, /4.

At time t =0, we switch to a weaker potential with
frequency w, < w, and period T, (implemented with a
Paul trap in the absence of laser light) for a time 7;. The
evolution of the state in the weaker potential as a function
of t; is illustrated in Fig. 1(b). As t; increases, the state
expands spatially until reaching a maximum size Au,,,, for
ty = T,/4, as shown in Fig. 1(c). As t, increases further,
the spatial state size returns to its initial value, reached at
ty=T,/2. To characterize the phase-space distribution
acquired at time 74, we instantaneously switch the potential
back to frequency w,. Now, the state rotates in phase space
with preserved shape. In this Letter, we experimentally
realize this frequency-jump protocol in a hybrid Paul-
optical trap.

Experimental setup.—Our setup overlaps an optical trap
with a linear Paul trap, in which we levitate a 177 nm
diameter silica nanosphere. This configuration, shown in
Fig. 2, allows us to selectively trap the same particle in
either trap. What follows is a simplified description of the
setup (further details in Ref. [52]).

The optical trap is generated by a laser (x-polarized,
wavelength 1565 nm, power 500 mW) focused by a
lens (NA = 0.77, optical axis along z). The particle’s
center-of-mass  oscillation  frequencies are 2z X
(44,58, 10) kHz along (x,y, z), respectively. The trap can
be switched on and off with an acousto-optic modulator on a
timescale faster than 100 ns. The forward scattered light is
collected by an identical lens, and sent onto a quadrant
photodiode for position detection in the (x, y, z) basis.

The Paul trap consists of a glass substrate micro-
machined to a wheel-trap geometry (FEMTOprint,
Switzerland) [53-56]. The metallized electrodes are ori-
ented along the orthogonal directions u and », which lie in
the focal plane and are tilted at 45° relative to x and y.
The two pairs of rf electrodes are driven with opposite
phases at a frequency of 33 kHz and a nominal peak-to-
peak voltage of 400 V. Confinement along z is achieved by
applying a typical end-cap voltage of 70 V to the metallic
lens holders. This results in secular center-of-mass modes
at 2z x (6,6,3) kHz along (u,v,z), respectively. The
radial and axial mode frequencies can be tuned from 0.1
to 6 kHz by adjusting the applied voltages. The trap is

mounted in a vacuum chamber and kept at a pressure of
2.2 x 107% mbar. Before starting our experiments, we
compensate for stray fields in the trapping region using
the shim electrodes of our trap [52,57].

We execute a frequency-jump protocol by rapidly trans-
ferring the particle from the high-frequency optical trap to
the lower frequency Paul trap and back. Experimentally,
this is achieved by switching the optical trap off and back
on, while keeping the Paul trap enabled at all times. More
specifically, we execute the following protocol: (i) for
t < 0, the particle is held in the optical trap, and initialized
to a feedback-cooled thermal state of motion; (ii) at time
t = 0, feedback cooling is disabled, and the optical trap is
rapidly switched off; (iii)) for 0 <t <1, the particle
evolves in the Paul trap until (iv) at ¢t = ¢4, the optical
trap is switched back on to recapture the particle optically;
and (v) the final position of the particle in phase space is
characterized for t > 1,.

Results.—In Fig. 3(a), we show the measured particle
position during one realization of this frequency-jump
protocol with 7, = 72 ps (black data points). The meas-
urement of the particle’s position for times ¢ < 0 is largely
impacted by noise, as expected from a state under feedback
cooling. In contrast, the oscillations in the particle’s
position are clearly visible at the end of the protocol
(t > 150 ps). We note that for times 0 < ¢ < t;, no meas-
urement record exists, since the optical field is off.
Furthermore, between t = 72 ps and =150 ps, we observe
a slow recovery of the recorded time trace after re-enabling
the optical trap due to ac coupling of the data acquisition
system. To avoid unwanted artifacts in our data analysis, we
ignore the first 120 ps of signal upon recapture [open data
points in Fig. 3(a), see Ref. [58]].

We use the measurement record to retrodict the position
and velocity after recapture at t = ¢, in the optical trap (see
Supplemental Material [58]). The retrodicted trajectory is
shown as the dashed blue line in Fig. 3(a). The phase-space
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FIG. 2. Experimental setup. A laser beam is focused by a lens to
form an optical trap. The trapped particle’s center-of-mass motion
is recorded on a quadrant photodetector. The laser can be
switched on and off with an acousto-optic modulator (AOM).
The optical trap is superimposed with a Paul trap. It consists of a
microfabricated chip held in the focal plane and end-cap electro-
des (held at a potential V). The two pairs of on-chip electrodes
are driven with rf voltages (Vi and Vi _, respectively) for
in-plane confinement.
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FIG. 3. (a) Recorded position during a single realization of a

frequency-jump protocol (black data points, open points not used
for data analysis, see main text). The optical trap is disabled from
t=0to t=t; =72 ps, allowing the particle to evolve in the
Paul trap. The oscillation after recapture is fit (dashed blue line) to
estimate the position and velocity of the particle at time of
recapture t = t; (red circle). (b) Initial state of the particle,
reconstructed from 500 repetitions of the protocol with t;, =0
(bin size 1 nm x 1 nm). (c) For ; = 72 ps ~ T, /4, the state has
visibly expanded along the position axis. (d) For
ty =140 us~T,/2, the state has contracted back to a size
similar to the initial distribution.

distribution before the frequency jump is inferred by
retrodicting the phase-space position of the particle for
protocols executed with ¢, = 0, i.e., the trapping laser is not
switched. Thus, all phase-space distributions are generated
using the identical data-processing protocol. Another chal-
lenge arises from the coupling of the motion along x and y
by the electric fields in the Paul trap, which are aligned
along the u and » axes. Therefore, in the following, we
combine the measurements of x and y to analyze motion
along u.

A phase-space distribution of the particle before the
frequency jump, ie., at t; =0, retrodicted from 500
repetitions of the experiment, is shown in Fig. 3(b).
Each repetition is started at the same time in the micro-
motion cycle. Here, the particle is cooled to a state size of
(1.5+0.1) nm in the optical trap. This corresponds to a
center-of-mass temperature of Ty = (155 £25) mK.
The state size Au is defined as the standard deviation of
the position u. We characterize the estimation noise
independently and subtract it from the signal when
evaluating Au. The error is evaluated using the bootstrap
method [65]. Figure 3(c) shows the distribution after an
evolution time f; = 72 ps, corresponding to a quarter
oscillation period in the Paul trap. In comparison to the
initial state, the distribution for ¢, = 72 ps is stretched
along the position axis, reaching a state size of
(26.4 + 1.2) nm. This state expansion in a dark potential

is the main result of this Letter. In Fig. 3(d), we show
the distribution for 7, = 140 us ~ T, /2, where the state
has contracted to Au = (4.4 £0.2) nm, as expected. The
increase in state size during evolution from Figs. 3(b)-
3(d) is a signature of heating due to collisions of the particle
with gas molecules [38,66,67].

We proceed by investigating the role of the frequency
ratio r = w,/w, (tuned via the voltage of the Paul trap rf
drive) in our expansion protocol. Figure 4(a) shows the state
size Au (blue circles) estimated from the measurement data
as a function of evolution time 7, for a frequency ratio
r = 8.8. We identify the following three features. First, the
state size grows and shrinks with a period T',, /2, as expected.
Second, we observe a fast modulation whose period matches
that of the rf field driving the Paul trap. Third, the minimum
of each expansion cycle trends upward, suggesting that the
minimal state size continuously grows as a consequence of
heating during the expansion protocol.

We investigate these features for larger frequency ratios
r = 14.6 and r = 24.3 in Figs. 4(b) and 4(c), respectively.
For weaker Paul traps, the main oscillations are slower and
of larger amplitude than for stiffer traps. In Fig. 4(c), we
achieve a state expansion by a factor of 24 when comparing
the size of 35.6 nm at r; = 104 ps to the initial size of
1.5 nm. We observe that weaker Paul traps are less heavily
modulated by oscillations at the rf frequency, which we
attribute to the lower rf drive voltages. Finally, weaker
traps are more sensitive to heating, seen by the more
rapid increase of the minima in Fig. 4(c) as compared to
Fig. 4(a).

Discussion.—To understand our observations, we model
the behavior of a particle’s state subject to a frequency-
jump protocol. To simplify the description, we assume that
the Paul trap is a harmonic potential. A complete model
including the effects of micromotion can be found in
Ref. [58]. We model the particle in the Paul trap as a
harmonic oscillator of mass m coupled to a thermal bath at
rate y, following the equation of motion

i+ B = \/2yke T mEy, (1)

where we neglect the damping term (since y < w,),
we assume u” < kzT/(mw?3), and each dot represents a
time derivative. The bath has temperature 7" and is modeled
using the stochastic variable &y, which satisfies
(En(D)En(t)) = 8(t —1). Here, (...) denotes an ensemble
average. Solving Eq. (1), we find that the spatial state size of
the particle, given by the standard deviation Au after the
protocol, evolves according to Au?(1) = Au?(t) + Aus (1).
The first contribution stems from coherent evolution and is
given by [49]

Aii?
A2 (1) = Audeos? (w,1) + 12 =D sin? (1), (2)

o
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with Au, the initial state size. The second term of Eq. (2)
scales with the ratio of the initial velocity state size Ai3 and
the (square of the) frequency of the Paul trap w? = w3 /r*.
When the protocol is started with a thermal state of the
optical potential, we have Ay /@, = Augyand the maximum
spatial state size from coherent evolution is given by
A, ma = rAug, such that the spatial expansion is simply
dictated by r. The situation in our experiment is slightly
more complicated. The particle is initialized in the optical
trap in two uncorrelated thermal states along x and y.
However, we perform our subsequent experiments in the
rotated basis uw. The distributions along u and » then
become correlated, and the relation Aiy/w, = Auy no
longer holds. For more detail, refer to the Supplemental
Material [58]. The second contribution to Au? arises from
heating and reads

Aui(t)=r? i (t - Sin(zwﬁt)). (3)

mam, 2w,

Here, to align with the literature [ 18], we have introduced the
heating rate I", which is expressed in units of phonons of the
optical trapping potential. In our experiment, where heating
is dominated by coupling to the residual gas in the vacuum
chamber at temperature 7, we have I' = ykpT/(hw,),
which we measure to be I' = 27 x (926 + 56) kHz.

Care must be taken when defining the optical
trap frequency @, in Eq. (2). Since we are interested in
the particle motion along u, but the optical trap’s
eigenmodes are oriented along x, y, and z, we define the
effective oscillation frequency along u as @, oy =
[(@2 op + @2 o) /2]'/%. We fit our model to the measured
data using the Paul trap frequency w, as the only fit
parameter. All other parameters (Aug, Aiy, @,, v, and T)
are measured independently.

The simplified model is shown in Fig. 4 as the dashed
gray lines, while the dotted gray lines show the heating
contribution Auy,. Our simplified model reproduces all
features of the data well, except the modulation at the
micromotion frequency. In contrast, the full model (solid
line in Fig. 4) accounts for all features observed during a
frequency-jump protocol. Comparing the two models in
Fig. 4(a) reveals that, for stiff Paul traps, the presence of the
rf fields almost doubles the expanded state size as com-
pared to a simple frequency jump.

Another important observation is that our simple model
explains the increase of the heating contribution with
increasing frequency ratio r, experimentally observed in
Fig. 4. Specifically, according to Eq. (3), at compression
time 7',/2, the total state size has no contribution due to
coherent evolution, and is given by

nr T
Au?(T,/2) = Auf + r2m—w07”.
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FIG. 4. Measured state size Au as a function of evolution time
t, (blue data points), for different Paul trap stiffnesses, quantified
by the frequency ratio r. Solid lines: full model described in the
Supplemental Material [58]. Dashed lines: simplified model
discussed in the main text. Dotted lines: heating contribution
Auy, under the simplified model.

The only contribution to Au? besides the initial value Au}
is from heating. Importantly, the heating rate I" is amplified
by 2. This fact can potentially be exploited to measure
weak decoherence rates, such as from blackbody emission,
which are overwhelmed by photon recoil in optically
levitated systems [5,13,68].

Regarding the current limitations of our system, larger
expansions could, in principle, be achieved with the help of
weaker potentials. However, the associated increase in
sensitivity to stray fields leads to frequent failures to
recapture the particle in the optical trap and must be
overcome with more accurate stray field and gravity
compensation in the future.

Conclusion.—We have constructed a hybrid Paul-optical
trap with high-numerical-aperture optical access, as used in
systems achieving measurement-based ground-state cool-
ing of optically levitated nanoparticles [20,21]. Using the
large frequency difference between optical and Paul traps,
we have expanded and subsequently contracted the thermal
state size of an optically levitated nanoparticle by a factor of
24. The expansion happens with the optical tweezer off,
i.e., in the absence of photon recoil, which is critical for
extending this protocol to generate macroscopic quantum
states.
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Having demonstrated expansion of a thermal state, a
logical next step is to move to ultrahigh vacuum and
implement high-efficiency detection [69], unlocking access
to ground-state cooling [20-22]. For a ground-state cooled
particle in an optical trap, our protocol would expand the
state size to about 250 pm, which would be an important
step toward a macroscopic quantum state. The enhanced
sensitivity to decoherence provided by the protocol may
provide a handle to quantify and finally remedy weak
sources of decoherence, such as stray fields or black-body
radiation. Our protocol is indeed of interest from a quantum
sensing perspective. Coherent expansion by a factor of 24
would lead to an unprecedented level of 28 dB of quad-
rature squeezing in variance, which could be exploited for
the detection of weak forces [70,71]. Achieving such
squeezing would require decoherence levels in the dark
approximately 4 orders of magnitude lower than those
associated with photon recoil in an optical trap [3,21].
Returning to the goal of testing quantum mechanics with
macroscopic quantum states, the long protocol times
associated with simple frequency-jump protocols may, at
some level of expansion, prove impractical in presence of
inevitable sources of decoherence, such as, e.g., collisions
with residual gas molecules [72]. A work-around could be
inverted potentials, in which the state expands exponen-
tially fast in time [3,18], significantly reducing required
protocol times. Our platform could be used to generate the
required inverted quadratic potentials, e.g., by reversing the
end-cap voltages.
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