
QUANTUM SENSING

Quantum-enhanced sensing of displacements and
electric fields with two-dimensional
trapped-ion crystals
Kevin A. Gilmore1,2*†, Matthew Affolter,1, Robert J. Lewis-Swan3,4, Diego Barberena5,6,
Elena Jordan1‡, Ana Maria Rey5,6*, John J. Bollinger,1*

Fully controllable ultracold atomic systems are creating opportunities for quantum sensing, yet demonstrating
a quantum advantage in useful applications by harnessing entanglement remains a challenging task. Here,
we realize a many-body quantum-enhanced sensor to detect displacements and electric fields using a crystal
of ~150 trapped ions. The center-of-mass vibrational mode of the crystal serves as a high-Q mechanical
oscillator, and the collective electronic spin serves as the measurement device. By entangling the oscillator
and collective spin and controlling the coherent dynamics via amany-body echo, a displacement is mapped into
a spin rotation while avoiding quantum back-action and thermal noise. We achieve a sensitivity to
displacements of 8.8 ± 0.4 decibels below the standard quantum limit and a sensitivity for measuring electric
fields of 240 ± 10 nanovolts per meter in 1 second. Feasible improvements should enable the use of trapped
ions in searches for dark matter.

T
he development of protocols and quan-
tum platforms that harness entangle-
ment or correlations to sense ormeasure
a physical quantity with an advantage
relative to classical alternatives is of

both practical and fundamental interest (1, 2).
Quantum-enhanced sensors have the poten-
tial to enable the measurement of previously
undetectable signals that could improve our
understanding of the universe. Two prominent
examples are gravitational wave detection,
where nonclassical states of light are now
being adopted to achieve unparalleled sen-
sitivity (3, 4), and searches for dark matter,
where a quantum advantage could enable
sensing of the weak, nongravitational interac-
tion of dark matter with normal matter (5–8).
In parallel, mechanical oscillators have be-

come established as exquisite quantum tools
to measure small displacements due to weak
forces and electric fields (9–17), such as those
generated by axion-like dark matter and hid-
den photons (18). At the simplest level, a weak,
resonant force interacting with the me-
chanical oscillator generates a small coher-
ent displacement b [normalized to twice
the size of the oscillator’s zero-point motion
(19)] of the oscillator amplitude over time.

Typically, the displacement is then inferred by
making a measurement on a complemen-
tary internal or coupled degree of freedom
of the system.
The precision Db to which this displace-

ment b can be determined using classical
resources that use uncorrelated states, such
as a vacuum or a coherent state, is funda-
mentally bounded by the so-called standard
quantum limit (SQL) that limits the attain-
able sensitivity to Db ≥ ½. However, by intro-
ducing entanglement between the oscillator
and the measurement degree of freedom
before the oscillator is excited, one can attain
sub-SQL precision (20–23). This requires sub-
tle control over both the oscillator and the
measurement system to minimize undesir-
able classical noise and to evade quantum
back-action (24).
We demonstrate a quantum advantage for

both displacement and electric field sensing in
a two-dimensional (2D) trapped-ion crystal of
~150 ions, 200 mm in diameter. The center-of-
mass (COM)normalmodeof the crystal realizes
the mechanical oscillator, and the internal elec-
tronic spin of the ions serves as the accessible
measurement probe. A spin-dependent optical
dipole force (ODF) that resonantly couples the
spins and the COM mode is used to generate
metrologically useful entanglement, which en-
ables precise sensing of displacements of the
oscillator (21). By implementing a many-body
echo protocol (23) to subsequently disentangle
the spins and the oscillator, we are able to esti-
mate the displacement—ideally free from ther-
malnoise—through simple globalmeasurements
of the spins. With this technique, we achieve
a sensitivity of 8.8 ± 0.4 dB below the SQL for
displacements and 4.0 ± 0.5 dB below the
SQL for electric fields. In practical terms, we
demonstrate an ultimate electric field mea-

surement sensitivity of 240 ± 10nV m�1=
ffiffiffiffiffiffi
Hz

p
,

an improvement by a factor of 300 over prior
off-resonant classical protocols in trapped
ions (14, 16) and by more than an order of
magnitude over state-of-the-art electrome-
ters based on Rydberg atoms (25). Relative
to similar protocols previously performed
using a single Rydberg atom (22) or a single
trapped ion (20, 26) to encode a spin-½ de-
gree of freedom, our protocol demonstrates
an enhanced sensitivity resulting from quan-
tum entanglement in amesoscopic ion crystal,
while also benefiting from the intrinsic re-
duction of zero-point motion in the collective
mechanical oscillator as a consequence of the
large ion number.

Entanglement-enhanced sensor

Our quantum sensor consists of a single-plane
Coulomb crystal ofN ~ 150 9Be+ ions confined
in aPenning trap (14, 16, 27–29) (Fig. 1). The 2S½
ground-state valence electron spin |↑i (|↓i) ≡
|mJ = +½i (|mJ = –½i) encodes a spin-½
degree of freedom in each ion, which can be
coherently controlled by externalmicrowaves
resonant with the 124-GHz frequency splitting
of the electronic spin states in the presence of
a B = 4.5 T magnetic field. The motion of the
ion crystal can be decomposed into 2N in-plane
modes and N axial modes, with the latter
coupled to the spin degree of freedomby a spin-
dependent ODF produced by a pair of off-
resonant laser beams detuned from the nearest
optical transitions by~20GHz. TheODFbeams
generate a 1D traveling-wave potential at a fre-
quency m, which, in contrast to prior settings
for sensing in our experiment (14, 16), is now
chosen to be near-resonant with the COM
mode at a frequency wz/(2p) = 1.59MHz, such
that the COM is the dominant motional con-
tribution to the observed dynamics. In this
limit, and assuming that the ions have an
axial extent that is small relative to the
wavelength of the traveling-wave optical po-
tential, the system can be well approximated
by the Hamiltonian

ĤODF ¼ ħgffiffiffiffi
N

p â þ â†
� �

Ĵz � ħdâ†â ð1Þ

(19, 30). Here, ħ is the Planck constant divided
by 2p; â† and â are the COM phonon creation
and annihilation operators that couple uni-
formly to all spins with strength g; d = m – wz

is the detuning from the COMmode, ideally
tuned to be on resonance in our protocol, d = 0;
and Ĵa ¼ 1=2

PN
j¼1 ŝ

ð jÞ
a are the collective spin

operators, where ŝð jÞ
a are Pauli operators for

the jth spin.
In the experimental sequence to sense small

displacements of the COM oscillator (Fig. 2A),
the ions are prepared in the state |↑iN by op-
tical pumping before a microwave p/2 pulse is
applied to rotate the spins to align along the
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x̂ axis of the Bloch sphere. To entangle the
spins and the phonons, we apply the ODF
Hamiltonian (ĤODF) for time t. Then, a cali-
brated AC voltage is applied to an endcap elec-
trode for a time tdrive ≪ t to drive up a small
coherent displacement b of the COMoscillator.
Recent work (16) has established a stable rela-
tive phase between the displacement b and the
ODF, which is experimentally optimized to en-
sure the largest signal. To optimally detect the
displacement, we implement amany-body echo
to undo the entangling dynamics by applying
a second ODF drive with opposite sign�ĤODF

for an identical time t. Experimentally this is
done by applying a microwave p pulse about
the x̂ axis tomap |↑i→ |↓i, which is equivalent
to setting g → –g. Finally, the displacement is
estimated via a projective measurement on the
spin degree of freedom. Specifically, tomake an
effective measurement of Ĵy , we rotate the
spins by amicrowave p/2 pulse about the x̂ axis
and then measure Ĵz using state-dependent
fluorescence imaging (19).
To simplify our analysis of the experimental

protocol, we assume that the ions are initial-
ized in the motional ground state, such that
the state of the spins and COMmode after the
firstmicrowave pulse is |y(0)i = |0ib� |(N/2)xi.
Here, we describe the spins using Dicke states
Ĵa maj i=ma|maiwith a = x, y, z and |0ib is the
bosonic vacuum. The first ODF generates a
spin-dependent coherent displacement of the
oscillator,

yinj i ¼ exp �i
ħgtffiffiffiffi
N

p â þ â†
� �

Ĵz

� �
y 0ð Þj i

¼
XN=2

mz¼�N=2

cmz amzj ib � mzj i ð2Þ

resulting in strong spin-motion entanglement.
This can be directly quantified by the purity of
the reduced density matrix of the oscillator

degree of freedom after tracing over the spin
[e.g., Rényi entanglement entropy S2 (19)]
during the first ODF sequence, as shown in
Fig. 2B. In Eq. 2 we introduce amzj ib as co-
herent states with complex amplitude amz ¼
�imzgt=

ffiffiffiffi
N

p
, and cmz are defined as the ex-

pansion coefficients N=2ð Þx
�� �

≡
P

mz
cmz mzj i.

Because N ≫ 1 in our 2D trapped-ion crys-
tal, we are able to formulate a particularly
simple understanding of the metrological
utility of the spin-boson entanglement cre-
ated in the state yinj i. The ODF Hamiltonian
can be approximately recast as a squeezing
Hamiltonian, ĤODF ≡ g x̂2

þ � x̂2
�

	 

=2, where

x̂T ¼ T âþð â†T
ffiffiffiffiffiffiffiffiffi
4=N

p
ĴzÞ=2 and p̂T ¼ Tiðâ†�

â T i
ffiffiffiffiffiffiffiffiffi
4=N

p
ĴyÞ=2. Here, x̂T and p̂T are quad-

rature operators of a pair of effective oscil-
lators resulting from a hybridization of the
spin and boson degrees of freedom. Note that
the normalization of the spin operators in the
definition of x̂T and p̂T means that the e ffiffiffiffi

N
p

projection noise of the original coherent spin
state contributes ~O(1) noise to the hybrid
quadratures, similar to the vacuum noise of
the mechanical oscillator. In this language,
the action of ĤODF is to generate squeezing
along specific quadratures in the independent
x̂þ; p̂þð Þ and x̂�; p̂�ð Þ phase spaces (Fig. 2C).
In the original basis of the spin and boson
degrees of freedom, this squeezing manifests
as strong correlations and entanglement be-
tween the spins and bosons.
The subsequently applied displacement of

the COM oscillator, assumed to be orthog-
onal to the spin-dependent displacements,
is described by the unitary transformation
Û b ¼ exp½bðâ � â†Þ� ¼ expði ffiffiffi

2
p

bp̂bÞ, whereffiffiffi
2

p
ip̂b ¼ â � â† ð ffiffiffi

2
p

x̂b ¼ â þ â†Þ are the os-
cillator quadratures. This leads to the displaced
state jyb

ini ¼ Û bjyini, which can be equiva-
lently framed as a shift in the spin-boson quad-
rature x̂þ→x̂þ þ b=

ffiffiffi
2

p
x̂�→x̂� � b=

ffiffiffi
2

p	 

.

The squeezing generated by the initial ODF

drive means that, in principle, a small dis-
placement quickly leads to a state that is
distinguishable from |yini. This displace-
ment, parametrized by b, can be estimated
with a sensitivity (see Fig. 2) limited by the
quantum Cramer-Rao bound for displace-
ments (31), (Db)2 = 1/(4 + 4g2t2) (19). This
bound can be recast in the more familiar
form of the Heisenberg limit for displace-
ments, Dbð Þ2HL ≈ 1/n (21), where n ~ g2t2 is the
occupancy of the effective oscillator before
the displacement. This is to be contrasted
with the SQL for displacements Dbð Þ2SQL = ¼,
which is the sensitivity attainable with a co-
herent state.
Nonetheless, fully attaining the sensitivity

promised by the state |yini is not straight-
forward. In particular, the high degree of
spin-boson entanglement in |yinimeans that
a simple measurement of either the spins
or phonons independently is insufficient to
precisely infer b (19). Instead, a more sophis-
ticated measurement that accounts for cor-
relations between the degrees of freedom is
required. We address this challenge and re-
move undesirable quantum back-action ef-
fects by the application of a time-reversal
step that perfectly disentangles the spin and
the oscillator (see Fig. 2) and maps the dis-
placement to accessible spin observables.
Specifically, the final state, obtained after
applying the many-body echo to yb

in

��� E
(Eq. 2),

is equivalent to

yfj i ¼ exp i
ħgtffiffiffiffi
N

p â þ â†
� �

Ĵz

� �
yb
in

��� E

≡ exp
2igtbffiffiffiffi

N
p Ĵz

� �
Û b y 0ð Þj i ð3Þ

(19). Writing the final state in the latter form
demonstrates the power of the many-body
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Fig. 1. Trapped-ion crystal quantum sensor.
An ensemble of beryllium ions (red dots)
confined within a Penning trap self-arrange into
a 2D triangular lattice. The Penning trap is
characterized by axial magnetic field B = 4.45 T
and axial trap frequency wz = 2p × 1.59 MHz.
Cylindrical electrodes (cross section shown,
in gray) generate a harmonic confining
potential along the Ẑ axis, whereas radial
confinement is provided by the Lorentz force
from E × B-induced rotation in the axial
magnetic field. The valence electron spin
(black arrows) of the ions realizes a collective
spin that serves as the measurement device.
The center-of-mass (COM) motional mode
of the ion crystal realizes a high-Q mechanical
oscillator (blue springs) with frequency wz.
Crossed optical beams (yellow lines) with a beat-note frequency m ≈ wz generate a spin-dependent optical-dipole force that couples the spins and the COM oscillator.
An AC voltage source is applied to the trap endcap electrode to generate a coherent axial oscillation with calibrated amplitude Zc and frequency w = wz.
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echo: The displacement of the COM mode is
encoded into a collective spin rotation of
angleϕ ¼ 2gtb=

ffiffiffiffi
N

p
, which can be read out

by simple collective spin measurements
(23, 32–34). Accounting for quantum pro-
jection noise of the collective spin, which
limits angular resolution of small rotations
to Dϕ≥1=

ffiffiffiffi
N

p
, the displacement can thus be

estimated with a sensitivity (Db)2 = 1/(4g2t2)
that approaches the Cramer-Rao bound for
gt ≫ 1. Moreover, we note that the form of
the collective spin rotation is independent
of the initial state of the phonons and hence
is insensitive to any thermal occupation of
the COM mode.

Displacement sensing

Assessing the performance of the implemented
displacement-sensing protocol (Fig. 3), we see
that the achievable sensitivity of the current
experiment is primarily, but not fundamen-
tally, limited by small shot-to-shot fluctuations
of the COM mode frequency away from reso-
nance as a consequence of impurity ions in the
crystal and thermal occupation of the in-plane
modes (35). These fluctuations limit our ability

to perfectly reverse the entangling dynamics.
Including COM frequency fluctuations with a
root-mean-square spread s, as well as single-
particle decoherence of the spins at rate G due
to light scattering generated by the applied
ODF beams and an initial thermal occupa-
tion �n ≈ 5 of the COM mode, the signal-to-
noise ratio (SNR) of a single measurement
of b is reduced to

b
Db

¼
2gtb exp �Gtð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ exp �2Gtð Þ 2�nþ 1ð Þg2s2t4 þ 4
9 g

4s2t6
 �q

ð4Þ
(19). Physically, the prefactor exp(–Gt) comes
from depolarization of the collective spin due
to decoherence, whereas the t4 and t6 terms of
the denominator describe residual spin-phonon
entanglement and excess projectionnoise intro-
duced by the imperfect time reversal. In Fig. 3A,
we find good agreement between the experi-
mentally determined SNR and the theoretical
prediction (Eq. 4) with independently cali-
brated values of g, s, and G (19), justifying

our understanding of the various noise pro-
cesses. In particular, we observe b/Db→ 0 as
b → 0, which indicates that there are no ad-
ditional systematic errors from effects beyond
the applied displacement.
Toassess theperformanceof thedisplacement-

sensing protocol, we determine the variance
(Db)2 of a single measurement as a function
of the ODF interaction time t for a small fixed
displacement b = 0.24. Again, we find good
agreement with the theoretical estimates of
(Db)2 presented in Fig. 3B. Optimizing over t,
we demonstrate a sensitivity of (Db)2 = 3.3 ×
10–2, or 8.8 ± 0.4 dB below the SQL. We em-
phasize that no technical noise has been sub-
tracted in obtaining this result. Our result can
be recast in terms of the absolute physical dis-
placement Zc of the COMmode using the rela-
tion Zc ¼ 2z0b=

ffiffiffiffi
N

p
, where z0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ħ= 2mwzð Þp
is the size of the ground-state motional wave
function of a single ion and the enhancement
proportional to

ffiffiffiffi
N

p
arises from the increased

mass of the COM mode when more ions are
present. Accounting for the 8-ms duration (e.g.,
accounting for preparation and readout) of a
single measurement, we equivalently determine
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Fig. 2. Displacement-sensing protocol.
(A) The ions are Doppler-cooled and
optically pumped into the state |↑i,
and a microwave p/2 pulse then rotates
the spin ensemble to align along
the x̂ axis to prepare the initial
state |y(0)i. A resonant ODF drive,

described by ĤODF (Eq. 1), is then applied
for a duration t to yield the state |yini in
which the spin and the COM oscillator
are entangled. To generate a small
spin-independent displacement b of the
oscillator, we apply a weak drive to an
endcap electrode resonant with the
COM frequency, yielding the perturbed

state jyb
ini. Simultaneously, a p pulse is

applied to flip |↑i → |↓i and thus

effectively reverse the sign of ĤODF when
a subsequent resonant ODF drive is
applied. A final p/2 pulse transforms the
accumulated spin precession into a
measurable change in the fraction of
spins in |↑i that is read out via a
projective measurement. (B) The
produced entanglement is illustrated by
the growth of the Rényi entropy S2
(19), which reaches a maximum after the
first ODF drive. The second application
of the ODF realizes a many-body echo of
the initial dynamics and disentangles the spin and the oscillator—demonstrated by the vanishing Rényi entropy after the second ODF drive—while also acting to map

the small spin-independent displacement b into a spin rotation of f ¼ 2gtb=
ffiffiffi
N

p
about ẑ. (C) A phase-space illustration of the sequence. The initial state (leftmost

panels) features the characteristic Gaussian and isotropic quantum noise distribution of a coherent state in both the spin and the oscillator degrees of freedom. The
center panels illustrate that the entanglement can be interpreted as squeezing of the composite spin-oscillator quantum noise in a coupled basis. A phase-space
illustration of the final decoupled state |yfi is shown at the right. In (B) and (C) we use typical values of gt = 2 for illustration.

A

B

C
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that the optimal sensitivity is DZc = 36 ±
1.5 pm=

ffiffiffiffiffiffi
Hz

p
. Note that in the absence of our

time-reversal protocol, excess projection noise
introduced by the thermal occupation of the pho-
nonmode, �n ≈ 5, would have limited the achie-
vable sensitivity to Dbð Þ2th ¼ 2�nþ 1ð Þ Dbð Þ2SQL
(19), or ~19 dB worse than our result.

Electric field sensing

Our ability to resonantly drive a small displace-
ment of the COM mode over a long period of
time, while maintaining a stable phase lock to
a resonant ODF drive that generates spin-
phonon entanglement, places our experiment
in an excellent position for quantum-enhanced
measurements of weak AC electric fields at the
frequency of the COM mode.
In the protocol for sensing an electric field

(Fig. 4), a fixed AC voltage is applied to an
endcap electrode to drive a continuous dis-
placement of the COMmode for a total time T.
Simultaneously, anODFdrive is initially turned
on for a time t ≤ T/2 to generate spin-boson
entanglement. At some later time, a secondODF
pulse with inverted coupling g → –g (realized
again by a p pulse about x̂ of the spins after the
first ODF drive) is applied for an identical
duration t and timed to finish with the con-
clusion of the COM displacement. Collectively,
the dynamics of the system is described by the
modified Hamiltonian

Ĥ sens ¼ ĤODF tð Þ þ ih â � â†
� �

ð5Þ

(19), where h is a parameter related to the elec-
tric field to be measured. Note that the time
dependence of ĤODF tð Þ indicates the mod-
ulation g → g(t).
For comparison purposes and to emphasize

the quantum advantage, we compare the above
protocol with a purely “classical” schemewhere
the continuous displacement of the COM mode
is similarly applied for a total time T but we
use only a single ODF drive for readout. Such
a protocol ideally gives the sensitivity Dhð Þ2C ¼
1þ g2t2ð Þ= g2t2 2T � tð Þ2 �

, which is always
worse than the SQL defined as Dhð Þ2SQL ¼
1= 4T 2ð Þ . Note that the total displacement of
the oscillator is ideally b ≡ hT. In contrast, our
quantum-enhanced sensing scheme leads
to Dhð Þ2 ¼ 1= 4g2t2 T � tð Þ2 �

, which yields
sub-SQL scaling Dhð Þ2 → 4= g2T 4ð Þ for gt =
gT/2 ≫ 1.
Figure 4 shows the experimentally obtained

single-measurement electric field sensitivity of
our protocol, in comparison to the SQL and
the classical scheme. The ODF duration t is
chosen by numerically optimizing the theoret-
ically predicted sensitivity including technical
noise due toCOM fluctuationss and the thermal
phonon occupation �n (19). Under current ex-
perimental conditions, for intermediate driving
time T = 538 ms, the quantum protocol allows
us to attain a sensitivity of ~4.0 ± 0.5 dB below
the SQL. Moreover, we find that in contrast to
the quantum protocol, which is ideally insen-
sitive to the initial phonon state, the classical

scheme is strongly limited by thermal noise.
Quantitatively, the quantum protocol pro-
vides a ~14 dB improvement in sensitivity
relative to the comparable classical scheme,
demonstrating that entanglement can provide
not only a fundamental but also a practical
advantage when all relevant noise sources are
taken into account.
For long drive times (T ≳ 1 ms), we find that

the sensitivity is ultimately bounded by COM
frequency noise, (Dh)2 ≳ s2 2�nþ 1ð Þ=4 (19). Ex-
perimentallywedetermine a single-measurement
sensitivity of De = 2.3 ± 0.1 mVm–1 at T = 1.14ms,
in good agreement with theory (Fig. 4). Ac-
counting for the total duration of the ex-
perimental trial, Tshot = 8.73 ms, we thus
obtain a best electric field sensitivity ofDE ¼
De

ffiffiffiffiffiffiffiffiffi
Tshot

p
= 220 ± 10 nV m�1=

ffiffiffiffiffiffi
Hz

p
. Averag-

ing the three experimental results with the
longest drive time T gives a sensitivity of
DE = 240 ± 10nV m�1=

ffiffiffiffiffiffi
Hz

p
at ~1.6 MHz. This

compares favorably with electric field sen-
sors using Rydberg atoms (36) that can reach
sensitivities of 5.5 mV m�1=

ffiffiffiffiffiffi
Hz

p
(25) at fre-

quencies on the order of 10 GHz, and also
approaches the sensitivity of meter-length
classical antennas (37) but in a micrometer-
scale device.

Conclusions and outlook

We have demonstrated a quantum-enhanced
sensor of mechanical displacements and weak
electric fields in a crystal composed of ~150

Gilmore et al., Science 373, 673–678 (2021) 6 August 2021 4 of 6

Fig. 3. Performance of mechanical displacement sensor. (A) Signal-to-noise
ratio b/(Db) ≡ Zc/(DZc) as a function of displacement b (amplitude Zc ≡ 2z0b=

ffiffiffi
N

p
,

where z0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħ= 2mwzð Þp

is the spatial extent of the ground-state wave function).
Each experimental data point (black markers; error bars indicate statistical and
systematic uncertainty) corresponds to the SNR of a single measurement with fixed
t = 200 ms. Good agreement is found with the theoretical model (blue line) using
independently calibrated values of g/(2p) = 3.91 kHz and COM frequency
fluctuations of s/(2p) = 40 Hz. The shaded area indicates the confidence region for
s/(2p) ∈ [20, 60] Hz, as well as spin depolarization characterized by G = 500 s–1.
The theoretical calculation also includes an observed 18% increase in background
noise above the expected projection noise (19). (B) Sensitivity (Db)2 to the
dimensionless displacement b as a function of ODF duration t. Experimental data

(black markers; error bars indicate statistical and systematic uncertainty) is obtained
from a small fixed physical displacement Zc = 775 ± 28 pm with a single-measurement
SNR of ~1. We compare the observations to the theoretical predictions of an
idealized model (red line), a model that includes depolarization due to spin
decoherence (purple line, G = 610 s–1), and a model that also includes COM fluctuations
of s = 40 Hz (solid blue line); the shaded area indicates the confidence region for
s/(2p)∈ [20, 60] Hz. The SQL Dbð Þ2SQL=¼, corresponding the extent of the ground-state
wave function, is indicated by a dashed orange line. For completeness, we also indicate
the classically attainable sensitivity when accounting for excess thermal fluctuations,
�n ¼ 5 at the Doppler cooling limit Dbð Þ2th ¼ 2�nþ 1ð Þ Dbð Þ2SQL (dashed green line). The
optimal experimental sensitivity of 8.8 ± 0.4 dB below the SQL (~19 dB below the thermal
noise limit) corresponds to the average of the five points centered around t = 200 ms (19).
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trapped ions. Currently, the primary limita-
tions to the sensor’s performance are COM
frequency fluctuations and a thermal phonon
population. However, these issues are not fun-
damental in nature and could be resolved in
next-generation experiments. Indeed, feasible
improvements to the stability of the COM
mode frequency to the level of s/(2p) ≈ 1 Hz
combined with a reduction of the phonon
temperature via electromagnetically induced
transparency (EIT) cooling, which has already
been demonstrated in the same platform (38),
should allow us to reach an electric field sen-
sitivity of ~10 nV m�1=

ffiffiffiffiffiffi
Hz

p
.

This degree of sensitivity could enable trapped-
ion crystals as detectors of hidden photons
and axions with a frequency (effective mass)
compatible with the currently accessible range
of COMmode frequencies (10 kHz to 10MHz).

Although comparisons to other state-of-the-
art platforms for sensing dark matter should
be made carefully and consistently, one pro-
minent advantage of the trapped-ion system is
that the strong magnetic field required to
couple axions to photons (18) is intrinsically
present in the experimental platform. A fur-
ther benefit is the capability to tune the COM
frequency over the aforementioned range,
which should be contrasted with dark matter
searches using superconducting qubits in cavi-
ties (39) that must be operated near zero mag-
netic field and can be cumbersome to tune.
Our largest limitation is a finite-volume ef-

fect (40) that suppresses the axion-generated
electric field because the characteristic size of
the region over which the magnetic field is
present is small relative to the long Compton
wavelength of axions at typical COM frequen-

cies. The sensitivity of our experiment, which
detects an electric field, is suppressed quadrat-
ically in this small ratio, whereas experiments
that detect a dark matter–generated magnetic
field are only suppressed to linear order (19).
Nonetheless, even with this extra suppression,
we estimate that our current platform with
an electric field sensitivity of 10 nV m�1=

ffiffiffiffiffiffi
Hz

p
at 1.6MHz could attain a sensitivity to axions
with an axion-photon coupling as small as gagg ~
1.6 × 10–11 GeV−1 after 1 day of averaging
(19). This is competitive with current experi-
ments that search for axions at similar fre-
quency scales, which have reported limits of
gagg ≲ 1 × 10–11 GeV−1 (41, 42). Additional
optimization of the trapped-ion platform, such
as raising the ion number toN ≳ 106 by the use
of 3D crystals (43, 44) or increasing the size
and strength of the superconductingmagnetic
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Fig. 4. Performance of the electric field sensor. (A) Schematic timeline of the
quantum and classical protocols used to sense weak electric fields. The quantum
protocol involves sequentially applying a pair of ODF drives with equal duration t to
first entangle and then disentangle the spin and motional degrees of freedom for
readout via the spins, while a weak spin-independent drive is applied concurrently for
a duration T ≥ 2t. The classical protocol identically applies a spin-independent drive
for duration T, but instead the ODF is only turned on for t ≤ T at the end of the
sequence to enable spin readout of the overall displacement. (B) Electric field
sensitivity De [and (Dh)2, right y axis] as a function of the total spin-independent
drive duration T. We plot experimental data from both classical and quantum
protocols (green and black markers, respectively; error bars indicate statistical and

systematic uncertainty) with t chosen to ideally optimize (Dh)2 (19). Good
agreement is found with theoretical models of both protocols (green and blue solid
lines) using independently calibrated values of g/(2p) = 3.88 kHz and COM mode
frequency fluctuations of s/(2p) ≈ 40 Hz, as well as G = 520 s–1. The shaded area
indicates the confidence region of s/(2p) ∈ [20, 60] Hz, which is not visible on this scale
for the classical protocol. As reference, we contrast with the SQL Dhð Þ2SQL ¼ ð2TÞ�2

(orange dashed line). Experimental data indicate that the quantum protocol
attains a sensitivity that is optimally 4 dB below the SQL (19), or up to 14 dB better
than the sensitivity attainable with the classical protocol. Taking the average
of the three points with longest drive duration T results in an electric field
sensitivity of DE = 240 ± 10 nV m�1=

ffiffiffiffiffi
Hz

p
.

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at N

ational Institute Standards and T
echnology on A

ugust 04, 2022



field, could also allow us to further enhance
our sensing capability by as much as three
orders of magnitude.
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Quantum enhanced sensing
Harnessing quantum mechanical effects is expected to provide an advantage over classical sensing technology.
By entangling the center-of-mass motional state of approximately 150 ions trapped in a two-dimensional Coulomb
crystal with their collective spin state, Gilmore et al. demonstrate a quantum-enhanced measurement sensitivity of
displacement and electric field. Such enhanced sensitivity could, for instance, find application in probing proposed
weak interactions between dark matter and normal matter, as well as enhancing gravitational wave detection. —ISO
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