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Abstract: Following the first demonstration of a levitated
nanosphere cooled to the quantum ground state in 2020 (U.
Deli¢, et al. Science, vol. 367, p. 892, 2020), macroscopic
quantum sensors are seemingly on the horizon. The
nanosphere’s large mass as compared to other quantum
systems enhances the susceptibility of the nanoparticle to
gravitational and inertial forces. In this viewpoint, we
describe the features of experiments with optically levi-
tated nanoparticles (J. Millen, T. S. Monteiro, R. Pettit, and
A. N. Vamivakas, “Optomechanics with levitated parti-
cles,” Rep. Prog. Phys., vol. 83, 2020, Art no. 026401) and
their proposed utility for acceleration sensing. Unique to
the levitated nanoparticle platform is the ability to imple-
ment not only quantum noise limited transduction, pre-
dicted by quantum metrology to reach sensitivities on the
order of 10™° ms (S. Qvarfort, A. Serafini, P. F. Barker, and
S. Bose, “Gravimetry through non-linear optomechanics,”
Nat. Commun., vol. 9, 2018, Artno. 3690) but also long-lived
quantum spatial superpositions for enhanced gravimetry.
This follows a global trend in developing sensors, such as
cold-atom interferometers, that exploit superposition or
entanglement. Thanks to significant commercial develop-
ment of these existing quantum technologies, we discuss
the feasibility of translating levitated nanoparticle research
into applications.
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1 Introduction

Quantum mechanics is a cornerstone of modern physics, and
quantum behaviours, such as superposition and entangle-
ment, have been extensively observed using subatomic par-
ticles, photons, and atoms since the early 1900s [4]. A global
effort is now underway to take these existing quantum ex-
periments and devices out of the laboratory and into industry,
in a process dubbed the ‘second quantum revolution’.

Technological advances are now enabling larger ob-
jects to enter the quantum regime, with 2010 heralding the
first ground state cooling of the motion of a human-made
object, specifically a micron-scale ‘quantum drum’ [5].
Operating in the quantum regime with free or levitated
particles would allow the generation of macroscopic
quantum states, and enable greatly enhanced sensitivity to
external forces. The state-of-the-art demonstration of a
macroscopic superposition is currently provided by matter-
wave interferometry with an engineered molecule of mass
beyond 25,000 Da [6]. This year, the centre-of-mass (c.0.m.)
motion of a 143 nm diameter silica nanosphere, levitated
within an optical cavity, was cooled to its zero point energy
(average phonon occupancy <1) using the cavity opto-
mechanical interaction [1]. Significant developments in
trapping, stabilisation and cooling techniques (see Section
2) have enabled levitated systems to reach the quantum
regime (as shown in Figure 1), bringing researchers closer
towards generating macroscopic quantum states with solid
nanoscale objects.

A driving force for creating quantum states of more
massive objects, beyond proving their feasibility, is to test
theories of gravity. The gravitational interaction has so far
presented itself as classical [22]. It is unknown whether
gravity acts as a quantum interaction, for example, via vir-
tual graviton exchange [23], or if in fact gravity is responsible
for wave function collapse. In the latter case, one extends
the Schrédinger equation nonlinearly to account for gravi-
tational self-interaction, formalised in the Schrédinger—
Newton equation. Models of gravitationally induced wave
function collapse aim to define the timescale of collapse due
to a superposition of two different space-time curvatures,
whilst avoiding superluminal signalling [24, 25]. Nonlinear
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modifications to the Schrodinger equation are also studied
in the continuous spontaneous localisation (CSL) model
[26]. This aims to justify quantum wave function collapse by
introducing a stochastic diffusion process driven by an un-
known noise field that continuously counteracts the spread
of the quantum wave function. Through experiment, these
collapse models can be falsified to rule out a mass-limit on
quantum superpositions due to gravitational or noise
induced localization [27-29]. The CSL effect would be
practically unobservable on the atomic level but strongly
amplified for high-mass systems. Many collapse models can
be discounted by the sheer act of observing matter-wave
interference with increasingly massive objects, such as
levitated nanoparticles [30, 31].

For sensing applications, dense macroscopic systems
offer an enhanced sensitivity to acceleration, such that a
single quantum nanosphere is predicted to reach accelera-
tion sensitivities 10° times more sensitive than a cloud of
cold-atoms [3]. If used for navigation applications, this
improvement in sensitivity reduces the accumulated error in
position caused by double integrating a less noisy accelera-
tion signal. Similar to cold atoms, levitated nanospheres are
well isolated from environmental decoherence, resulting in
long coherence times for matter-wave interferometry and the
ability to perform free-fall experiments. Free-fall accelerom-
eters are particularly suited for gravimetry applications
aimed at resolving the temporal and spatial fluctuations of
gravitational acceleration at the Earth’s surface, which can
vary roughly between 9.78 ms~ and 9.83 ms ™ [32]. Through
gravimetry, one can directly infer information about sub-
surface mass distributions, including volcanic activity
monitoring [33], ice mass changes [34], subsidence moni-
toring [35], and the detection of underground cavities [36].
The latter is of interest to the oil and gas industry, as well as

the construction industry. Section 3 lists a range of quantum
sensing proposals involving levitated nanospheres suitable
for these types of applications.

2 Implementation

Macroscopic mechanical oscillators which are controlled
using light belong to a field of study called optomechanics.
The use of a resonant optical cavity can significantly
enhance the light—matter interaction. At the heart of all
cavity optomechanical systems is a dispersive interaction,
where an optical resonance frequency is shifted due to
mechanical motion. This governs the readout of zero-point
fluctuations and any motion caused by forces acting on the
system. Before explaining the benefits of such a sensing
scheme, we first describe the main components of an
optomechanical system, and the variety of mechanical
modes and optical resonances employed by researchers.

2.1 Typical features of cavity optomechanics

In general, a cavity optomechanical system consists of
three main ingredients. Firstly, a mechanical mode, such
as the c.o.m. motion of the end-mirror of a Fabry—Perot
cavity, as shown in Figure 2(A). It can also be the c.o.m.
motion of a levitated nanoparticle [37, 38], a membrane [16]
or a cantilever structure [39]. Levitated (nanoparticle)
optomechanics benefits from excellent environmental
isolation [2] whereas some clamped systems possess
exceptionally high frequency mechanical modes in the
microwave (MW) frequency range [40]. Typical c.o.m.
oscillation frequencies of levitated nanoparticles range
from a few kHz to several hundred kHz [1, 2, 38]. The mass
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of nanoparticles typically employed in levitated opto-
mechanics varies from 10™ to 10" kg [1, 2, 41].*

The second requirement is a cavity-confined optical
mode which is coupled to the mechanical oscillator.
Figure 2(A) illustrates a resonant standing wave within a
Fabry—Perot cavity, which can be coupled to the motion of
the cavity end-mirror via radiation pressure. Alternative
optical modes include the evanescent fields of whispering
gallery mode [48] and photonic crystal [49, 50] resonances,
which can be coupled to their own internal mechanical
modes or to external mechanical oscillators. A narrow
cavity resonance linewidth x enables one to reach the
‘resolved-sideband regime’, where the mechanical oscil-
lation frequency Q,, is larger than x. This allows energy
transfer between the optical and mechanical modes in an
anti-Stokes/Stokes process, enabling cooling of the me-
chanical oscillator. A cavity is not necessarily required to
reach the ground state [8], but a cavity provides resonant
enhancement in readout and interaction strength. This
reduces the number of photons needed to interact with the
mechanical oscillator, improving the signal to noise.

Thirdly, a sufficiently high optomechanical coupling
rate G (in units of Hz/m) is required. This encodes the shift
in the optical cavity resonance frequency caused by the
motion of the mechanical oscillator. Large G is required to
optically transduce, control or cool the oscillator, with the
highest G obtained when the overlap between the optical
field and the displacement field is maximised [51], i.e. by
using a spatially confined optical mode.

2.2 Ground state cooling

In this viewpoint, we focus on quantum enhanced sensing
using levitated systems. Below, we explain the coherent
scattering technique, and how it enables cooling of the
c.o.m. mode of a macroscopic object to the ground state of
an optical potential [1].

A macroscopic quantum state can be created by
cooling the c.o.m. motion of a nanoparticle levitated
within a harmonic potential, with a mechanical fre-
quency Q. The position uncertainty of the particle is
0y = \JA(1+2n)/2mQ,,, where the phonon occupancy
n is related to the c.o.m. temperature Tcy through
n = VkgTcm/hQm. When cooled to the ground state, the

1 For levitated systems, rotational and librational motion at higher
frequencies is also studied [42-46). For clamped systems, internal
mechanical modes such as radial breathing modes, which can possess
GHz frequencies, are routinely used to demonstrate near-quantum
ground state preparation [19]. Higher-order mechanical modes are
also studied [47].
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Figure 2: (A) Basic set-up of an optomechanical interferometer
formed by coupling an optical mode to the mechanical motion of the
end-mirror of a Fabry—Perot cavity. (B) Schematic set-up for cavity
cooling of a levitated nanoparticle using the coherent scattering
technique, as demonstrated in [1], where the cavity is not directly
pumped as itis in (A). The starin (A) and (B) indicates the position of
an additional Fabry—Perot cavity required to create superposition
states, as explained in Section 3.2.1.
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particle has a position uncertainty, or zero-point fluctua-
tion, of g,pf = \//2mQy. If the particle is released from
the levitating potential, this position spread grows
approximately linearly in time [52]. Considering typical
parameters for a levitated nanoparticle of m = 1078 kg
and Qp =27 x10°rad/s, this yields o,pf~10""m,
requiring hundreds of seconds of expansion until the
quantum position spread is as large as the particle, a
reasonable definition of a macroscopic quantum state.
However, subsequent matter-wave interferometry can be
used to boost the size of the quantum state [2], discussed
further in Section 3.

Following the above discussion, the particle must be
initially cooled near to the ground state of the levitating
potential. A range of passive and active cooling methods to
achieve this are described in multiple review papers [53],
with many techniques such as sideband resolved cooling
derived from the cold-atom community [54]. Here we focus
on the ‘coherent scattering’ protocol [9, 55, 56], as illus-
trated in Figure 2(B), which is the most successful cooling
technique for levitated nanoparticles.

The mechanical oscillator is the c.0o.m. motion of a
levitated nanoparticle, and it is held within an optical
cavity using an optical tweezer, as shown in Figure 2(B).



230 —— M. Rademacher et al.: Quantum sensing with nanoparticles for gravimetry

The frequency of the oscillator is set by the optical potential
provided by this single-beam gradient force trap. The
tweezer allows the optimal placement of the particle within
the cavity mode; the coupling strength is at its highest
when the particle is held at the cavity node.

The optical cavity is not pumped externally. The trap-
ping optical tweezer frequency is stabilized relative to the
cavity resonance, and the light scattered out of the tweezer
field by the nanosphere then populates the cavity mode,
interacting coherently with the oscillator again. It is a key
feature of the coherent scattering technique that the optical
cavity is only pumped by the light scattered from the
nanopatrticle.

Consequently, each photon populating the cavity
mode interacts with the particle, increasing the opto-
mechanical coupling rate. As a result, the quantum coop-
erativity ? of the experiment is well above 1000. To put this
into perspective, a quantum cooperativity >1 is the
benchmark for entering the quantum back-action regime
[2]; a long sought-after goal in levitated optomechanics. A
high cooperativity is also known in cold-atom physics to
produce a constant cooling rate for cavity assisted mole-
cule cooling in dynamical potentials [54, 57]. Compared to
externally pumped cavity cooling schemes [58], the esti-
mated improvement in cooperativity is 10°>-fold [59] due to
coherent scattering.

One of the biggest challenges that previously pre-
vented ground state cooling is a method to circumvent
heating due to scattering and phase noise in the optical
cavity. Phase noise in the cavity field can be reduced by
increasing optical power, with the trade-off that scattering
noise increases. In the coherent scattering scheme, laser
phase noise is almost completely evaded since optimal
cooling of the nanoparticle occurs at the cavity node,
where the intensity minimum of the cavity standing wave is
located. Further noise reduction involves a balance be-
tween increasing the optomechanical coupling strength
and decreasing the scattering noise, whilst still ensuring
the particle is stably levitated.

Finally, the coherent scattering cooling scheme is
inherently multidimensional. Although to date only one axis
has been optimized for ground state cooling, when rotating
the trap accordingly full 3D cooling is possible [9]. Varying
the coupling of each c.0.m. degree of freedom to the cavity by
moving and tuning the scattering plane of the optical tweezer
makes the coherent scattering implementation flexible. In
contrast, only strong one dimensional cooling can be

2 The cooperativity is defined as a ratio of the optomechanical
coupling strength and the product of the optical and mechanical decay
rates.
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achieved in cavity systems such as Figure 2(A), where the
static intracavity trapping potential limits cooling to be along
the cavity axis.

Recent theoretical work on how to treat the multidi-
mensional cooling dynamics illustrates apparent 3D
hybridisation effects in coherent scattering. These hybrid-
ising pathways act as a road map to engineer displacement
sensing possibly surpassing the SQL [60].

3 Inertial sensing & gravimetry

Macroscopic quantum objects offer significant sensing
advantages over their lower-mass cold-atom counterparts
through an enhanced coupling to inertial and gravitational
forces®. Generally, the competitive edge of optomechanical
sensors can be summarised through two sensing strate-
gies; quantum limited transduction, and sensing which
exploits either superposition or entanglement, the features
of the so-called ‘second quantum revolution’. Levitation
provides excellent environmental isolation, ensuring long
coherence times in which to perform sensitive measure-
ments. For example, the coherent scattering experiment
mentioned above achieves a coherence time of 7.6 ps,
corresponding to 15 coherent oscillations before the
ground state is populated by even a single phonon [1].

We will first discuss the limitations of continuous op-
tical transduction of the oscillator position, before
exploring the use of spatial superpositions to extract a
gravitationally induced phase shift via matter-wave inter-
ferometry. We will describe proposals that increase this
phase shift through coupling to spin, creating a spin-
oscillator superposition where gravity or acceleration is
read out using the spin state.

3.1 Continuous optical sensing

The dispersive interaction between a mechanical oscillator
and an optical resonance allows for continuous readout of
the oscillator motion through probing the optical field
quadrature. When thermal motion is present, the acceler-
ation sensitivity for frequencies below mechanical reso-

nance remains bound by ay, = .[4kp TCMQm/QO, where

Tcum is the cooled mode temperature, Q,, the oscillator
frequency and Qy, the mechanical quality factor. During

3 This is generally true for inertial and relative gravity sensors based
on mechanical oscillators. For free-fall absolute measurements of
gravity, the mass component often cancels out due to the equivalence
principle.
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cooling, Tcy decreases proportionally with Qp,, resulting in
no net change to the noise floor ay, [61]. However, cooling
does reduce the classical thermomechanical noise at the
mechanical frequency. With the mechanical oscillator
prepared in the ground state, an optomechanical mea-
surement of the position is no longer limited by thermal
motion but by the zero point fluctuations and added noise
from the transduction (measurement). The sensing sensi-
tivity is now set by the SQL where back-action noise caused
by photon momentum kicks, and imprecision noise caused
by phase fluctuations contribute equally, yielding a
displacement readout sensitivity of 2 x 0.

However, the SQL does not correspond to a funda-
mental quantum limit [62]. Methods to read out the me-
chanical motion whilst minimizing or evading the effects of
back-action are known as quantum nondemolition mea-
surements. In these cases, the measured observable com-
mutes with the system Hamiltonian, as provided by
coupling to the velocity of a free mass [63] or modification
of the mechanical susceptibility through engineering an
optical spring to establish a new SQL [64]. The SQL can also
be surpassed by monitoring only one of the two non-
commuting quadratures of the motion, known as a back-
action-evading measurement. This can squeeze either the
optical or mechanical quadrature, and is achieved using
pulsed optomechanics [65].

3.2 Spatial superpositions for sensing

Superposition and entanglement are quantum effects,
which have no classical analogue. Entanglement enables
the distribution of quantum states between oscillators
separated by a distance, whilst superposition enables the
oscillator to be in a linear sum of several motional states.
When exploiting these effects for inertial sensing and
gravimetry, additional sensitivity or resolution can be
achieved. For example, multiple entangled quantum
nanospheres could be used for distributed sensing. Such
sensing schemes require additional experimental steps
beyond cooling to prepare the quantum state. In Section 3.2
we describe a select number of quantum sensing proposals
involving levitated nanoparticles, which are now within
grasp.

An alternative to performing continuous trans-
duction of the nanoparticle’s motion would be to prepare
the particle in a spatial superposition and then perform
matter-wave interferometry. To sense gravity would
require the creation of a coherent superposition, such
that the superposition is localized at two heights or
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regions of a varying local gravitational field. The two
amplitudes of the wave function evolve under the New-
tonian gravitational potential, resulting in a relative
phase difference which is then measured interferometri-
cally. The phase difference is defined:

j mgAz (t)cos ()

dt, @)
o h

1 t

Ap = - g AUdt =
where AU is the gravitational potential energy difference
across a vertical spatial separation Az (t), m is the mass of
the oscillator, and 8 the angle between the interferometer
and the direction of acceleration g (here, defined by local
gravity). The integral _[:)AZ(t)dt is the path difference be-
tween the trajectories of the two amplitudes of the wave
function. For a trapped system, discussed in Section 3.2.2,
Az(t) is the maximum spatial superposition separation,
limited by the period of the trap oscillation 277/Q,,. For an
oscillator under free-evolution, discussed in Section 3.2.3,
the particle wave function freely evolves for as long as it
remains coherent, enabling the creation of larger spatial
superpositions [66].

3.2.1 Optically preparing spatial superpositions

Generation of a quantum superposition requires a
nonlinear interaction. To prepare a spatial superposition in
an optical cavity a strong quadratic coupling to motion
governed by g, X, or a strong single-photon coupling uti-
lising the nonlinearity of the radiation—pressure interac-
tion, is required [66]. For example, using a laser pulse
interaction measures x* via a homodyne measurement. This
provides information of the nanosphere position relative to
the cavity centre, but not the offset direction (left or right),
creating a spatial superposition similar to a double slit.
Technically, it is challenging to create either a strong linear
or a strong quadratic optomechanical coupling.

Alternatively, superposition can be generated by
entangling a photon with a modified optomechanical
Michelson interferometer formed by adding an additional
Fabry—-Perot cavity at the unused port of the beamsplitter
annotated with a star in Figure 2(A,B). A superposition of
the two optical cavity modes is formed by the beamsplitter
interaction such that, without measurement, the photon
enters both cavities at the same time. The radiation pres-
sure of this photon causes a deflection of the mechanical
oscillator of approximately the zero-point motion, thus
creating a mechanical superposition where the mechanical
oscillator is unperturbed and perturbed [67].
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3.2.2 Spatial superpositions through coupling to spin

A nonlinear interaction can also be mediated by a two-level
system. In contrast to measuring the nanoparticle position
through the phase modulation of the optical cavity field,
or through generation of matter-wave interferometry,
coupling the motion to a two-level system enables read out
through the two level states. The advantage of this method,
which relies on discrete variables such as spin, is an im-
munity to motional noise which relaxes the need for
ground state preparation. For example, many levitated
nanosphere proposals that utilise spin only require a
thermal state with moderate cooling. In general, because
discrete variables allow the use of heralded probabilistic
protocols, they also benefit from high fidelity and resil-
ience to background noise or detection losses.

Proposals combining levitated particles with two-
level-systems include levitated nanodiamonds with an
embedded nitrogen-vacancy (NV) centre with an electron
spin [68-72], and a superconducting ring resonator
coupled to a qubit [73]. Here, we consider stationary spatial
superpositions of a levitated nanoparticle oscillator with
embedded spin, which remains trapped by an optical
tweezer throughout the sensing protocol, as illustrated in
Figure 3(A). The spin is manipulated by MW pulses. The
first pulse introduces Rabi oscillations between the spin
eigenvalue states S, = +1 and S, = -1, such that when a
magnetic field gradient is applied the oscillator wave-
packet is delocalized. This spin-dependent spatial shift is

given by +Az :g';fl‘—gf’, where B, is the magnetic field

gradient along the z-direction, which is the same direction
that gravity acts in [70, 73] “, g, =2 is the Landé g factor
and up is the Bohr magneton. This effectively splits the
harmonic trapping potential, creating a spatial super-
position with equilibrium positions governed by a spin-
dependent acceleration. The spin-oscillator system now
has states |+1) and | —1) in different gravitational potentials,
accumulating a relative gravitational phase difference. A
measurement at ¢ty = 277 /Q,, yields a phase shift [69]:

16AAAL,
AP =———, 2
¢ HQp, @
where AA = mgcos (0)0,; is the gravity induced displace-
ment, O the angle between the applied magnetic field
gradient B, and the direction the nanosphere is accelerated
(defined here as the direction of local gravity g), and o, the

4 A spatial superposition can be prepared at an angle 6 to the accel-
eration force by tilting the applied magnetic field direction [69].
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zero-point fluctuations. The spin-oscillator coupling is
given by A = g, ,UpB,0,p¢, With g,y and up defined previ-
ously. This phase difference can be measured by applying
a MW pulse that probes the population of the spin state
S, = 0 via Py = cos? (*2).

The maximum spatial superposition ° in the direction
of gravity is given by AZ = 25%‘3;’ which tends to be much

smaller than the physical size of typical nanodiamonds
[68, 69]. This makes levitated sensing schemes unfriendly
for resolving gravity gradients without the use of surveying
or arrays.
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Figure 3: Spin-oscillator coupling has been proposed as a
gravimetry technique, whereby a spatial superposition is created
through the interaction of an embedded two-level-system such as an
NV centre with an external magnetic field gradient. Variations of
(A) have been proposed in [68-70]. A MW pulse can be applied to
split the spin states of the internal NV centre in a trapped quantum
nanosphere (i), which in turn creates a spatial superposition that
can be viewed as the splitting of the optical trap (ii) into a super-
position (iii). Note that the cavity is used to prepare the nanosphere
in the ground state and can be switched off during (ii and iii). (B)
Allowing for free evolution increases the spatial size of the super-
position, created and probed in a Ramsey-type interferometer, as
proposed by [74]. Here, the coupled NV-nanosphere superposition
is prepared with a MW pulse at time t;, undergoing free-fall until the
spins are flipped at t, to enable matter-wave interferometry at ts.

5 The path trajectory of each wavepacket is given by
2, (1) = +Az (1 — 0s (Qmt)) + %, where g/Q}, is a shift in the equilibrium
position of the nonlocalised paf'nticle due to the force of gravity, g.
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3.2.3 Free-fall measurements

Releasing the nanoparticle from the trap, such that it un-
dergoes free-fall, allows its wave function to evolve,
increasing the position spread linearly in time. The ability
to perform such a drop-test is unique to the levitated
platform amongst optomechanical systems. Free-fall ac-
celeration sensors are known as absolute gravimeters
because they give a direct measure of gravity in units of
ms’ traceable to metrological standards. Relative gravi-
meters are masses supported by a spring, for example, the
stiffness of a cantilever or the optical trapping of a nano-
sphere. One must calibrate relative gravimeters by
measuring the stiffness of the spring and placing the in-
strument in a location with a known gravitational accel-
eration. Absolute gravimeters are therefore required to
calibrate relative ones.

Perhaps the most recognisable free-fall quantum
measurement is the double slit experiment, with a particle
falling through a diffractive element. This can be recreated
with a nanoparticle launched ballistically, with two addi-
tional cavities positioned vertically along the free-fall path.
The first is used to apply a laser pulse at time T that mea-
sures the square of the position via a homodyne mea-
surement to create a vertical spatial superposition. After
the superposition evolves for a further T seconds, the sec-
ond cavity is used to measure the particle’s c.o.m. position
such that after many iterations, an interference pattern is
formed. The effect of gravity is to introduce a vertical
shifting of the entire interference pattern on the screen by
Sy =52T )2. If one arm of the superposition experiences a
differing force to the other, i.e. due to a slight difference in
the gravitational field, this also has a shifting effect on the
interference pattern [75, 76]. However, creating a clear
interference pattern requires many repeated launches of
the same nanoparticle, requiring capture and launch
techniques more mature than currently achieved, dis-
cussed in Section 3.4.

For detecting transverse accelerations, i.e. to detect a
nearby object placed perpendicular to the force of gravity,
one can use a Talbot interferometer scheme proposed in [77].

In a Talbot interferometer, a light pulse grating is
applied to a free-falling quantum nanosphere, causing
the nanosphere to diffract and interfere with itself. This
creates an image of the grating at a distance defined by
the Talbot length, and at every integer of the Talbot
length. At half the Talbot length the interference pattern
is phase shifted by half a period. By positioning an object
adjacent to the free-fall path at a distance <10 pm, one
can probe the gravitational force produced by the object
based on the transverse shift of the interference pattern.
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A sensitivity of 10 ® ms™is predicted for a sphere 13 nm in
diameter where a phase difference of A¢p = 7 corresponds
to an acceleration of 4 x 10° ms™2. The fringe pattern shift
is given by 6x4 = —a T; where a is the transverse accel-
eration and 2T; is the total flight time with T, the Talbot
time.

Alternatively, one can avoid using matter interferom-
etry, and instead directly measure the shift in the nano-
sphere position caused by transverse acceleration 8x = “th
This can be achieved by dropping the nanosphere ballis-
tically, such that after t seconds it falls into a cavity which
then measures its shifted position. The sensitivity obtained
for this ballistic scheme compared to the interferometric
measurement scales with )(avt/ @ where a decrease in ¥, the

fringe contrast, or an increase in d, the grating period, will
reduce the advantage of the Talbot scheme over the bal-
listic one. The spread of the position in the ballistic setup,

hQm

given by oyt = 5"

t, grows during the free-fall time,
contributing to the uncertainty in éx. This is another reason
why the Talbot scheme is more sensitive. The initial mo-
mentum spread due to zero-point fluctuations does not
influence the position of the interference fringes in a Talbot
interferometer, instead, only affecting the envelope.

It is not straightforward to conclude when the Talbot
interference scheme surpasses the ballistic scheme if pa-
rameters such as mass are varied, since this can result in a
reduction of the time-of-flight due to decoherence. For
example, ground state cooling of a 200 nm diameter nano-
sphere enables a ballistic sensitivity 10 times higher than a
Talbot measurement on a 12 nm diameter particle [77].

Lastly, the levitated spin-oscillator Ramsey interfer-
ometer scheme shown in Figure 3(A) can be modified for
free-fall evolution, as shown in Figure 3(B). Due to the long
coherence time of spin states, the superposition persists
even if the oscillator does not remain in a pure coherent
state. The scale of the superposition is controllable through
flight time and/or magnetic field gradient such that the
acquired phase is given by [74]:

_ 1 3
Agp = Egnvﬂngggcos 0), 3)

where gy, U are defined as above, 0 is the angle between
the applied magnetic field B, and the direction of the
gravitational acceleration g and t; is the total free-fall time
(i.e. when the wavepackets merge and interfere).

In contrast to the levitated Ramsey scheme, Equa-
tion (3) does not depend on the mass, as expected for a free-
fall measurement. An additional MW pulse is required at
time t; to reverse the propagation direction of the super-
posed wave packets. This pulse flips the spin state such
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that the spin-dependent force will reverse. The split
wavepackets eventually merge and interfere. The mea-
surement time t3 is therefore unconstrained and can be on
the order of milliseconds, enabling spatial superpositions
spanning 100 nm, over 10° times larger than if the nano-
particle was levitated [74], and comparable in scale to the
size of the particle. The maximum spatial separation
along the tilted x-axis is Axg = 280855 (15/4)2 at t = t5/2.
Currently, coherent scattering cooling would achieve a
maximum coherence time of 1.4 ps in free-fall, limited by
background pressure, which only allows for an expansion
of the wavepacket from 3.1 to 10.2 pm [1]. Further progress
will require deep vacuum environments and likely cryo-
genic operating conditions.

3.3 Comparison

Table 1 shows a comparison of the predicted and achieved
acceleration sensitivities obtained by quantum and clas-
sical research sensors, alongside the current commercial
state of the art. Also included is the achieved accuracy
obtained by two sensors. Note that sensitivity, defined by
the velocity random walk on an Allan deviation plot of the
sensor output 6 is a measure of precision, but does not
guarantee accuracy which describes the trueness of the
value. Academic devices that are not based on cold atoms
require calibration, and therefore not as easily traceable to
the International System of Units (SI). We focus on devices
which are suitable for gravimetry but would need to be
used in a flywheel operation with a classical inertial mea-
surement unit (IMU) for navigation applications. The latter
requires sampling rates above 100 Hz, incompatible with
the time-of-flight used in free-fall experiments or the pulse
sequence needed for Ramsey interferometry. Flywheel
operation uses a classical IMU to provide inertial mea-
surements in-between this dead time and is used by cold-
atom inertial sensor prototypes [78]. In turn, the quantum
measurement, which is less susceptible to drift, is used to
reset the growing errors accrued by the IMU. The achiev-
able sensitivities across all types of sensors are compara-
ble, which is unsurprising, considering the majority are
operated classically, where optimisation of the detection
noise and/or effective mass can still significantly improve
sensitivity at the cost of bandwidth. However, all current
sensors struggle to surpass sensitivity better than 10 ms™.

An interesting question is: what sets the fundamental
limit in sensitivity at the quantum level? The field of

6 For pulsed measurements, common in atom interferometry, sensi-
tivity does not imply a spectral density.

DE GRUYTER

Table 1: Table showing the achieved and predicted acceleration
sensing sensitivities among various types of accelerometer. We
include two measurements of sensor accuracy. Optomechanical
systems require further work to define theiraccuracy as they are only
calibrated against commercial sensors. ‘lev.” denotes levitated ex-
periments, BEC is a Bose Einstein Condensate, and MEMS are micro-
electro-mechanical systems. " denotes classical measurements,
noting that capacitive MEMS do not currently operate in the quan-
tum regime and optomechanical devices have only recently entered
the quantum regime. *is the value from LaCoste’s brochure, whereas
5.6 x 107 m™?Hz > was measured in the laboratory [88]. ® indicates
the sensitivity whilst the c.o.m. temperature of the oscillator is
cooled to 50 K [85]. “is the predicted sensitivity using CFl assuming
a homodyne detection scheme, obtaining a sensitivity close to that
predicted by quantum Fisher information [3].

Existing system Achieved sensitivity (ms 2 Hz"*/?)

1.5x 107 (10° ms2in 6.25hn)[81]*
4.2 x10°%3 x 107 ms?in 300 s)[82]
9.6 x 10°%(5 x 107 ms 2 in 2.8hr)[83]
4 %107 (6.9 x 10° ms 2 in 3.8hr)[84]

Free-fall cube mirror'
Atom interferometer
Atom interferometer
Lev. optomechanics’

Lev. optomechanics’ 9.3 x 107 [85]*
Opto-MEMS' 7.8 x 1078 [86]
Capacitive-MEMS' 3x 107 [87]

Existing system Achieved accuracy (ms™?)

2 x107°[81]
3.9 x 1078 [83]

Free-fall cube mirror'
Atom interferometer

Proposed system Predicted sensitivity (ms Hz"*/%)

Trapped cold-atom* x1071°
Lev. optomechanics* x107"?
Lev. spin-mechanics 2.2x107[73]
Talbot optomechanics x1078[77]

quantum metrology seeks to find these fundamental limits
through use of quantum Fisher information (QFI) whichisa
metric of intrinsic accuracy (assuming all unknown vari-
ables can be traced to SI units) and only depends on the
input state. It is formally defined via the Cramér-Rao
bound as the inverse of the variance of a measurable
property, which in this case is phase. A high QFI ensures
greater precision. The QFI cannot reveal the underlying
measurement protocol to obtain such limits, but one may
test a measurement protocol by computing its associated
classical Fisher information (CFI). The CFI takes into ac-
count both the input state and the extractable information
from the measurement scheme and may or may not meet
the QFI bound [79, 80].

In [3] the CFI for a homodyne measurement of a quantum
levitated nanosphere using continuous optomechanical
transduction is calculated, in which they compare with the
CFIfor a typical atom interferometry setup. Over five orders of
magnitude improvement in sensitivity is predicted for a
levitated optomechanical oscillator versus a cloud of 10°
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atoms, shown in the lower portion of Table 1. This clearly
highlights the potential competitive advantage in quantum
levitated optomechanics, including the relative ease in pre-
paring a single macrosized object over a dense cloud of
atoms. However, we stress that such a claim requires further
work to improve the accuracy of optomechanical sensors,
involving precise calibration of mass and frequency to SI
standards. Cold-atom measurements are intrinsically
traceable.

3.4 Road to commercialisation

For some time, the optomechanics community has been
prototyping classical accelerometers [61, 84, 85, 89-92]. Such
sensors rarely require the level of environmental isolation
needed for long-lived quantum state preparation. Once the
community is able to repeatedly demonstrate quantum state
preparation of levitated nanospheres, now possible with
coherent scattering techniques, they should use the
advancement of commercial cold-atom interferometers as a
roadmap for developing application-ready tools.

Common to both quantum optomechanics and cold-
atom interferometry is the need for ultralow and stable
vacuum pressures, preferably at 10™ mbar or below, to
prevent collisions with background gas molecules.
Lowering the environmental temperature using cryostat
technologies reduces the influence of thermal heating,
although this is more crucial for clamped optomechanics
experiments using cantilevers, membranes or MEMS
structures. Levitation minimizes thermal contact with the
environment. For the coherent scattering set-up, they
measure background collisions as their largest source of
decoherence when at a pressure of 10 mbar, requiring
10" mbar and cryostat temperatures below 130 K to sustain
a wavepacket on the order of the particle radius [1]. The
stability of the pressure, ambient temperature, and laser
frequency and intensity require consideration, as these
may be sources of decoherence or drift that skew or
washout the measured signal. Shot-noise limited laser
sources are best suited.

Any vibrational noise in the components will also
create errors, with vibrations at low frequency the most
critical. A baseline vibrational stability of nm Hz "2 is rec-
ommended [77], achievable with modern commercial
cyrostats. Another source of mechanical error is misalign-
ment. For example, a vertical tilt when measuring gravity
will create an offset, characterised as noise if the alignment
varies per shot. Tilt fluctuations no higher than
0.5 prad Hz"? are recommended [77].
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Unique to levitated optomechanics is the need for a
launch and recapture method, since nanospheres are not
indistinguishable like atoms. So far, loading at low vac-
uum pressure has been achieved through (i) momentum
imparted by either a piezo-speaker [41] or a laser induced
acoustic shock of a wafer covered by tethered nanorods
[93], (ii) electrospray injection of particles [94], or (iii)
conveyor-belt loading using optical [95] or electrical
forces [94]. Reliable recapture of a levitated nanosphere
still remains a technical challenge but can be built upon
successful proof of principle demonstrations [96]. Alter-
natively, sourcing nanospheres with high reproducibility
enables continuous injection of particles, where an in-
situ calibration could be performed to account for size
variances. Nanoparticles also vary in their surface
charges, requiring shielding from stray electric fields to
avoid dephasing from Coulomb force interactions.
Recently, it was demonstrated that levitated particles
could be discharged using a high voltage wire thationizes
residual gas molecules, adding charges to environment
[97]. Single elementary charge precision was achieved,
which would enable zero net charged nanoparticles to be
prepared when starting with a mixture of the number of
charges [98].

Lastly, all sensors must pass certain environmental
testing conditions to be deployed for space/aerospace,
military and metrology use. These include high electro-
magnetic interference protection levels, operational tem-
peratures between —40 °C to +85 °C and shock resistance (in
some cases, up to 20,000 ms™). Testing is conducted in
shake and bake chambers that apply acceleration whilst
cycling the ambient temperature defined by standards
such as those used by the military (MIL-STD), aerospace
(DO) or consumer use (CE marking in EU) [99]. Those who
perform these tests must also obtain certification that they
meet the requirements governed by the International Or-
ganization for Standardization. Reduction in size, weight
and power (SWaP) alongside cost are also factors that
require involvement with supply chains and industry.
Through global quantum technology initiatives, such col-
laborations are already underway, resulting in miniature
vacuum chambers and chipscale ion traps [100-102]
developed for cold-atoms, and miniaturised quantum
sources of light [103] on chip-scale photonic integrated
circuits developed for quantum computing. Preliminary
feasibility studies have also been carried out in partnership
with the European Space Agency to mature the supporting
technologies needed to implement macroscopic state
preparation and interferometry using levitated nano-
spheres in space [104].
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4 Outlook

In this viewpoint we have reviewed proposals that aim to
implement acceleration sensing using spatial superpositions
of quantum levitated nanoparticles. Performing macroscopic
matter-wave interferometry is now tantalisingly close with
the advent of coherent scattering, used to cool a 143 nm
diameter sphere to the ground state of an optical potential [1].
A new regime of quantum levitated optomechanics is upon
us, 10 years after the first clamped human-made object was
cooled to the ground state [5, 105]. The potential advantage of
using a macroscopic quantum test-mass has been theoreti-
cally predicted using quantum and CFI analysis; 5-orders of
magnitude improved sensitivity is expected over existing
cold-atom sensors. Although such predictions do not reflect
technical feasibility, a potential demonstration of second-
generation quantum sensing using optomechanics is
certainly on the horizon.

Similar to cold-atoms, there are a variety of quantum
sensing protocols proposed in levitated optomechanics,
whereby the oscillator either remains trapped or un-
dergoes free-fall to enable larger spatial superpositions
and averaging times. Many challenges for field-testing
free-fall quantum sensors are already being solved by the
commercial development of cold-atom interferometers,
backed by significant funding from governments and in-
dustry across the world [106]. Unique to levitated opto-
mechanics are challenges in reproducible and reliable
launch, capture, and characterization of nanoparticles
with size variations, or the fabrication of near-identical
nanoparticles.

At the time of writing, the UK, the EU, the US, China,
Russia and Canada have or will be committing over £1B
each to their respective quantum technology initiatives
[107]. Although quantum optomechanical sensors may not
mature at the same rate as other quantum technologies,
progress is undoubtedly linked to the successful commer-
cialisation of existing cold-atom sensors or quantum
communication devices. These disruptive technologies
share common goals, similar routes to market, and inter-
changeable subcomponents. We call upon the wider sci-
entific community for increased cross pollination of
resources and methods, wider engagement with industry,
and global collaborations.
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