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Lectures Outline

1. Beyond Spin Squeezing: Variational Quantum Metrology for Ramsey 

Interferometry and Atomic Clocks


2. Programmable Quantum Sensors and Quantum Compasses


3. Quantum Sensing Networks for Tests of Quantum Mechanics and General 

Relativity
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Ramsey interferometry

|↓〉
|↓〉

|↓〉

e−iϕJz

… …

interference 
fringes

⟨Jz⟩

… …

coherent spin state 
on Bloch sphere

e−iJzϕ

here: uncorrelated atom, Standard Quantum Limit (SQL)

Quantum Interferometer

application: atomic clocks, magnetometry….
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Quantum Interferometer
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application: atomic clocks

Ramsey interferometry

entangled states beyond SQL:  spin-squeezing, GHZ, …
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… …

interference 
fringes

⟨Jz⟩

… …

One-Axis Twisting as 
native q-gate for ions

Tz = e−iχJ2
z

D. J. Wineland, et al., Phys. Rev. A 50, 67 (1994).
J. Bollinger et al., Phys. Rev. A 54, R4649 (1996).
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spin squeezed state

on Bloch sphere

Nature 588, 414–418 (2020)

arXiv:2211.08621

arXiv:2303.08078
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Optimal Quantum Interferometer
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free 
evolution

decoder

<latexit sha1_base64="9g5ZxUPYBvOjvnmx+OZWfXo3NIU="></latexit>

UEn
<latexit sha1_base64="PRAK8GjJdawMeoWkQ1geHC8ufUg="></latexit>

UDe

beyond spin-squeezing …

|↓〉
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|↓〉

… ……

entangler

e−iϕJz

Optimal quantum interferometer?

<latexit sha1_base64="lt5ekLFksdHNO3awfHUey7JDo7Y="></latexit>

C → max/min

Identify cost function for the specific sensing task

?

How to implement?

L. Pezzè et al.,, Rev. Mod. Phys. 90, 035005 (2018).
R. Demkowicz-Dobrzański et al., in Progress in Optics Vol 60 2015) pp. 345; K. Macieszczak et al., New J. Phys. 16, 113002 (2014)

Generalized Ramsey interferometry
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Optimal Quantum Interferometer — Variational Approach

9

beyond spin-squeezing …

e−iϕJz

Generalized Ramsey interferometry
classical 
computer

measurements

quantum 
feedback optimize θ, ϑfree 

evolution

|↓〉
|↓〉

|↓〉

…

𝒰en(θ) 𝒰de(ϑ)

Optimal quantum interferometer? How to implement?

L. Pezzè et al.,, Rev. Mod. Phys. 90, 035005 (2018).
R. Demkowicz-Dobrzański et al., in Progress in Optics Vol 60 2015) pp. 345; K. Macieszczak et al., New J. Phys. 16, 113002 (2014)

<latexit sha1_base64="lt5ekLFksdHNO3awfHUey7JDo7Y="></latexit>

C → max/min

Identify cost function for the specific sensing task

?

variational optimization with  
shallow-depth quantum circuits



1. Which Cost Function?


◦ Challenge: Different sensing 
tasks demand different figure-of-
merit.


◦ Solution: In single-shot 
estimation, the useful cost is the 
Bayesian risk, integrating prior 
information and measurement 
outcomes.

Generalized Ramsey interferometry classical computer
measurements

quantum 
feedback optimize θ, ϑfree 

evolution

|↓〉
|↓〉

|↓〉

…

𝒰en(θ) 𝒰de(ϑ)

U(ϕ)

2. How to Realize the Ansatz?


◦ Use a parameterized quantum circuit that captures the symmetry and structure of the true optimal 
sensor.


3. What Is the Optimal Quantum Sensor?


◦ Single-Parameter Case: the known Demkovic–Dobrzansky solution, validating our framework.


◦ Multi-Parameter Extension: We introduce and characterize Optimal Quantum Sensors (OQSs) for 
two- and three-parameter estimation, achieving fundamental precision bounds.

Three main questions of Variational Metrology
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Cost function

Fisher vs Bayes


Variational Quantum 
Optimization 
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Optimal and Variational 

Quantum Metrology

Quantum Variational Optimization of Ramsey Interferometry and Atomic Clocks

Raphael Kaubruegger ,1,2,* Denis V. Vasilyev ,1,2,* Marius Schulte ,3 Klemens Hammerer ,3 and Peter Zoller 1,2

1Center for Quantum Physics, University of Innsbruck, 6020 Innsbruck, Austria
2Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences,

6020 Innsbruck, Austria
3Institute for Theoretical Physics, Institute for Gravitational Physics (Albert Einstein Institute),

Leibniz University Hannover, 30167 Hannover, Germany

(Received 24 February 2021; revised 14 October 2021; accepted 15 October 2021; published 6 December 2021)

We discuss quantum variational optimization of Ramsey interferometry with ensembles of N entangled
atoms, and its application to atomic clocks based on a Bayesian approach to phase estimation. We identify
best input states and generalized measurements within a variational approximation for the corresponding
entangling and decoding quantum circuits. These circuits are built from basic quantum operations available
for the particular sensor platform, such as one-axis twisting, or finite range interactions. Optimization is
defined relative to a cost function, which in the present study is the Bayesian mean squared error of the
estimated phase for a given prior distribution; i.e., we optimize for a finite dynamic range of the
interferometer. In analogous variational optimizations of optical atomic clocks, we use the Allan deviation
for a given Ramsey interrogation time as the relevant cost function for the long-term instability.
Remarkably, even low-depth quantum circuits yield excellent results that closely approach the fundamental
quantum limits for optimal Ramsey interferometry and atomic clocks. The quantum metrological schemes
identified here are readily applicable to atomic clocks based on optical lattices, tweezer arrays, or trapped
ions. While in the present work variationally optimized circuits are found with classical simulations,
optimization can also be performed “on” the (physical) quantum sensor, also in regimes not accessible to
classical computations and in the presence of imperfections.

DOI: 10.1103/PhysRevX.11.041045 Subject Areas: Quantum Physics, Quantum Information

I. INTRODUCTION

Recent progress in quantum technology of sensors has
provided us with the most precise measurement devices
available in physical sciences. Examples include the
development of optical clocks [1], atom [2] and light [3]
interferometers, and magnetic field sensing [4]. These
achievements have opened the door to novel applications
from the practical to the scientific. Atomic clocks and
atomic interferometers allow height measurements in
relativistic geodesy [5–8] or fundamental tests of our
understanding of the laws of nature [9–11], such as time
variation of the fine structure constant. In the continuing
effort to push the boundaries of quantum sensing, entan-
glement as a key element of quantum physics gives the
opportunity to reduce quantum fluctuations inherent in
quantum measurements below the standard quantum
limit (SQL), i.e., what is possible with uncorrelated

constituents [12]. Squeezed light improves gravitational
wave detection [13], allows life science microscopy below
the photodamage limit [14], and further, squeezing has
been demonstrated in atom interferometers [15–30].
However, beyond the SQL, quantum physics imposes
ultimate limits on quantum sensing, and one of the key
challenges is to identify and, in particular, devise exper-
imentally realistic strategies defining optimal quantum
sensors [31].
In our discussion below we focus on optimal Ramsey

interferometry, where “optimality” is defined as achieving
the best average signal-to-noise ratio for phase estimation
in a single-shot measurement. The distinguishing feature of
the present work is that we consider optimal Ramsey
interferometry with finite dynamic range; i.e., we wish
to achieve optimal sensitivity for phases ϕ in a given finite
interval of width δϕ [31–37] as is relevant for numerous
applications including atomic clocks [38–48]. To imple-
ment this optimal Ramsey interferometry we devise an
approach based on variational quantum circuits [49–56].
Here, entangled input states and the entangled measure-
ment protocols [57–63] defining the generalized Ramsey
interferometer are represented as variational quantum
circuits built from “natural” quantum resources available
on the specific sensor platform (see Fig. 1), which are

*These authors contributed equally to this work.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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Cost function
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e−iϕJz

free 
evolution
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UEn(θ)
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How to estimate the phase  given the noisy  

measurement outcome ?

There are two approaches:


• Local (Quantum Fisher Information)  

The estimator  is defined to be locally unbiased. 

Then the phase estimation uncertainty is limited by the quantum 

Cramer-Rao (CR) bound:  


• Global (Bayesian) 

The estimator  minimizes error for a given finite range of 

phase values. -corrected Heisenberg limit on phase uncertainty.

ϕ
m

ϕest(m)

KΔ2ϕ ≥ KΔ2ϕQCR = FQ
−1 = N−2

ϕest(m)

π

Cost function

PRL 124, 030501 (2020)
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Local estimation — Many-Repetition Scenario
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Matteo G. A. Paris, Int. J. Quant. Inf. 7, 125 (2009)

Jing Liu et al 2020 J. Phys. A: Math. Theor. 53 023001 

}K

The aim is to estimate deviation of 
parameters from  using  
independent measurements:

ϕ0 K  

vector of  measurement 
outcomes

μ = (μ1, …, μK)T

K

Conditional probability (Likelihood):


,                  p(μ |ϕ) =
K

∏
k=1

p(μk |ϕ)

p(μ |ϕ) = Tr{Mμ |ψϕ⟩⟨ψϕ |}, ∑
μ

Mμ = 𝕀, Mμ ⪰ 0

Figure of merit is the mean squared error: 

MSE(ϕ) = ∑
μ

(ϕ − ξμ)2 p(μ |ϕ)
|ψϕ⟩ = U(ϕ) |ψin⟩

Fisher information 
sets bounds on the achievable MSE
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Global estimation — Single-Measurement Scenario
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Prior knowledge δϕ

Posterior knowledge Δϕ

Prior Posterior

Bayesian update (single shot measurement)

𝒫(ϕ)
δϕ

Δϕ

Bayesian approach:

The goal is to perform estimation using a 
single shot measurement 


C ≡ Δϕ = ∑
μ

∫ dϕ (ϕ − ζν)2p(μ |ϕ)𝒫(ϕ)

Minimize posterior variance  with respect to the 
state, measurement, and estimator

C

}K = 1

Rafal Demkowicz-Dobrzaski et al 2020 J. Phys. A: Math. Theor. 53 363001 
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Optimal metrology with programmable 
quantum sensors

Christian D. Marciniak1,5, Thomas Feldker1,5, Ivan Pogorelov1, Raphael Kaubruegger2,3, 
Denis V. Vasilyev2,3, Rick van Bijnen2,3, Philipp Schindler1, Peter Zoller2,3, Rainer Blatt1,2 & 
Thomas Monz1,4 ✉

Quantum sensors are an established technology that has created new opportunities 
for precision sensing across the breadth of science. Using entanglement for quantum 
enhancement will allow us to construct the next generation of sensors that can 
approach the fundamental limits of precision allowed by quantum physics. However, 
determining how state-of-the-art sensing platforms may be used to converge to these 
ultimate limits is an outstanding challenge. Here we merge concepts from the !eld of 
quantum information processing with metrology, and successfully implement 
experimentally a programmable quantum sensor operating close to the fundamental 
limits imposed by the laws of quantum mechanics. We achieve this by using 
low-depth, parametrized quantum circuits implementing optimal input states and 
measurement operators for a sensing task on a trapped-ion experiment. With 26 ions, 
we approach the fundamental sensing limit up to a factor of 1.45 ± 0.01, 
outperforming conventional spin-squeezing with a factor of 1.87 ± 0.03. Our approach 
reduces the number of averages to reach a given Allan deviation by a factor of 
1.59 ± 0.06 compared with traditional methods not using entanglement-enabled 
protocols. We further perform on-device quantum-classical feedback optimization to 
‘self-calibrate’ the programmable quantum sensor with comparable performance. 
This ability illustrates that this next generation of quantum sensor can be used 
without previous knowledge of the device or its noise environment.

Quantum sensing, that is using quantum systems to enable or enhance 
sensing, is arguably the most mature quantum technology so far. Quan-
tum sensors have already found applications in many disciplines. Most 
of these sensors are ‘quantum-enabled’, that is, they use the properties 
of a quantum system to perform a metrological task. Such applications 
have expanded rapidly in fields such as biology1,2, medicine3, chemistry4 
or precision navigation5 alongside traditional applications in physics 
such as inertial sensing6–8 or timekeeping9. Quantum-enabled sensors 
perform close to or at the standard quantum limit (SQL) that originates 
from the quantum noise of the classical states used to initialize them. 
The latest generation of sensing technologies is going beyond the SQL 
by using entangled states. These ‘quantum-enhanced’ sensors are used 
in gravitational wave astronomy10, enable the long-standing photo-
damage limit in life science microscopy to be exceeded11 and promise 
improved atomic clocks12. However, these existing quantum-enhanced 
sensors, while beating the SQL, do not come close to what is ultimately 
allowed by quantum mechanics13. Convergence to this ultimate bound 
is an open challenge in sensing14.

A parallel development in quantum technology that has seen mas-
sive progress alongside quantum sensing is quantum information 
processing, pursuing a ‘quantum advantage’ in computation and simu-
lation on near-term hardware15. A crucial capability that has been devel-
oped in this context is the targeted creation of entangled many-body 

states16–20. A promising strategy is to use low-depth variational quan-
tum circuits through hybrid quantum-classical algorithms21–24. Inte-
grating this ability to program tailored entanglement into all aspects 
of sensing—including measurement protocols25,26—will allow the con-
struction of the next generation of sensors, able to closely approach 
fundamental sensing limits. The concept of such a ‘programmable 
quantum sensor’ can be implemented on a great variety of hardware 
platforms, and is applicable to a wide range of sensing tasks. Moreover, 
their programmability makes such sensors amenable to on-device 
variational optimization of their performance, enabling an optimal 
usage of entanglement even on noisy and non-universal present-day 
quantum hardware.

Here we demonstrate the experimental implementation of a pro-
grammable quantum sensor27 performing close to the optimal with 
respect to the absolute quantum limit in sensing. We consider optimal 
quantum interferometery on trapped ions as a specific but highly per-
tinent example that promises applications ranging from improving 
atomic clocks and the global positioning system to magnetometry and 
inertial sensing. Our general approach is to define a cost function for the 
sensing task relative to which optimality is defined. We use low-depth 
variational quantum circuits to search for and obtain optimal input 
states and measurement operators on the programmable sensor. This 
allows us to apply on-device quantum-classical feedback optimization, 
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Variational Quantum Algorithm for Optimal Ramsey Interferometry
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α One-axis twisting

47 SQUEEZED SPIN STATES 5139

(0) random
1/2

III. SPIN SQUEEZING BY NONLINEAR
INTERACTIONS

A. One-axis twisting

2S

(b) correlated
1/2

2S

FIG. 1. Schematic illustrations of S-spin states in terms of
2S individual 1/2 spins. (a) Coherent spin state constructed
from 28 uncorrelated 1/2 spina. (b) Squeezed spin state con-
structed from 2S correlated 1/2 spina.

An S-spin system can be regarded as a collective sys-
tem consisting of 2S elementary 2 spins [13]. Any pure
state of a 2 spin is a CSS l8~, QI, )g = cos alt')A, +
e'~" sin ~zl$)~, where lt')A, (lJ)~) is the eigenstate of S,
with the eigenvalue 2 (—2) in the kth 2-spin system. The
components normal to (8A, , PI, ) are completely uncertain,
having a variance of 41. The S-spin CSS l8, P) is equiv-
alent to a set of 2S elementary spins all pointing in the
same mean direction (8, $) as shown in Fig. 1(a). Since
there are no quantum-mechanical correlations among
these elementary spins, the variance of the components
normal to the mean direction is simply the sum of the
variances of the individual elementary spins, and is thus
2. Now, if appropriate quantum-mechanical correlations
are established among the elementary spins as schemati-
cally shown in Fig. 1(b), it is possible to partly cancel out
fluctuations in one direction at the expense of those en-
hanced in the other direction. This is the basic concept of
spin squeezing. The spin vector 8 in a squeezed spin state
can be conceived as an elliptical cone [7] as schematically
shown in Fig. 1(b). Such a state has an elliptical QPD in
contrast to the isotropic one for a CSS. We regard spin
as squeezed only if the variance of one spin component
normal to the mean spin vector is smaller than the SQL
of z. We have thus excluded mere mathematical coor-
dinate dependency and included quantum correlation in
our notion of squeezing. This notion naturally reflects
the improved performance of spin systems.
To correlate the elementary spins requires a nonlinear

interaction because a linear Hamiltonian merely rotates
the individual spins and does not establish quantum cor-
relations among them [14]. A 2-spin system cannot be
squeezed since it is equivalent to a system with only one
elementary spin, which therefore has no partner to be
correlated with.

(S )=Scos s @2, (S„)=0, (S,) =0,
(QS2) s [2S(1—cos2(2s —1) P) (S ~1)Q] (2)

FIG. 2. State evolutions by one-axis twisting in terms of
the quasiprobability distribution (QPD} on the sphere for
S = 20. The densities of the figures are normalized by the
maximum value Q,„of Q(8, $). (a) shows the initial co-
herent spin state l8=2, /=0) (Q „=1). (b) and (c) show
one-axis twisted states generated by the unitary transforma-
tion U = exp[—ipS, /2]; (b) optimally squeezed at p = 0.199
(Q „=0.445) and (c) excessively twisted at p, = 0.399
(Q „=0.241}. Although not clear from the figure, the
QPD of (c}deviates from a geodesic (swirliness).

Now we demonstrate how the spin can be squeezed
by nonlinear interaction. We consider a class of unitary
transformations U(t) = exp[—itF(S, )] generated by the
Harniltonian H = hF(S ) and see how they deform the
noise distribution. The ladder operators S~ —= S + iS„
evolve as

S+(t) = Ut S+(0)U = S~(0) exp[it f(S,)]
and S (t) = [S+(t)]t, where
f(S.) = F(S.+1)—F(S.).

The lowest-order nonlinear interaction F(S~) = yS~
leads to f(S', ) = 2y(S, + 2), rotation proportional to
S„which twists the quantum fluctuations as shown in
Fig. 2(b) [15]. This is analogous to self phase -modulation
in the photon system [16]. The components after twisting
are given by S = -[S+e'"& +1/ )+e '&i + / )S ] and
S = —'[S e'"i +'/ ) —e '"~ + / )S ] where S and
S, denote S,(t) and S,(0), and p = 2yt. With the CSS

2S ~/'2
l2, 0) = 2 p& o (A, ) lS, S —k) as an initial state,
we show in Figs. 2(b) and 2(c) how uncertainties are
deformed by twisting as p, increases. Uncertainties are
redistributed between certain orthogonal components in
the y-z plane.
Let us rotate the distribution around the x axis by the

unitary transformation S = exp(ivS )Sexp(—ivS~) to
see how the uncertainties are redistributed. The means
and variances become
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We point out a general framework that encompasses most cases in which quantum effects enable an
increase in precision when estimating a parameter (quantum metrology). The typical quantum precision
enhancement is of the order of the square root of the number of times the system is sampled. We prove that
this is optimal, and we point out the different strategies (classical and quantum) that permit one to attain
this bound.
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When estimating an unknown parameter in a quantum
system, we typically prepare a probe, let it interact with the
system, and then measure the probe. If the physical mecha-
nism that governs the system dynamics is known, we can
deduce the value of the parameter by comparing the input
and the output states of the probe. Since quantum states are
rarely distinguishable with certainty, there usually is an
inherent statistical uncertainty in such estimation. To re-
duce this uncertainty, we can use N identical, independent
probes, measure them, and average the results. From the
central limit theorem, for large N the error on the average
decreases as !=

!!!!
N
p

, where !2 is the variance of the
measurement results associated with each probe. Using
the same physical resources with the addition of quantum
effects (such as entanglement or squeezing), an even better
precision can often be achieved with a customary

!!!!
N
p

enhancement, i.e., a scaling of 1=N [1].
In this Letter we introduce a theoretical framework that

encompasses all of these strategies, and we show that the
scaling 1=N is the general lower bound to the estimation
error: The only way to further decrease the error is to
reduce !, by improving the probe response to the interac-
tion with the system. In analogy to quantum communica-
tion [2], different scenarios are possible (see Fig. 1): Either
we do not employ quantum effects [classical-classical
(CC) strategy] or quantum effects can be used only in the
probe measurement [classical-quantum (CQ) strategy] or
only in the probe preparation [quantum-classical (QC)
strategy] or in both stages [quantum-quantum (QQ) strat-
egy]. We show that the ultimate precision limit for the CC
and CQ strategies is the classical limit 1=

!!!!
N
p

, while the
ultimate limit for the QC and QQ strategies is 1=N. This
means that, even though entanglement at the preparation
stage is useful to increase the precision, it is useless at the
measurement stage. Hence, the previously proposed meth-
ods for quantum-enhanced parameter estimation can be
modified relinquishing entangled measurements without

performance loss. Moreover, if one is willing to exchange
physical resources with running time, the same precision
1=N of the quantum strategy can be achieved also classi-
cally by sequentially applying the transformation N times
on the same probe (multiround protocol; see Fig. 2) [3,4].
We prove optimality also in this case: No multiround
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Uϕ
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Uϕ

CC CQ
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FIG. 1 (color online). Different strategies for the estimation of
a parameter ’ involving N parallel samplings of a unitary
operator U’ (black squares). The CC strategy involves separable
input states and separable measurements [i.e., local operations
and measurements whose results are communicated classically
(LOCC)]. The CQ strategy involves separable input states and
general measurement schemes. The QC strategy involves general
input states (also entangled) and separable measurements. The
QQ strategy involves general input states and general measure-
ment schemes. The triangles on the left represent state prepara-
tion and the symbols on the right represent measurements. The
gray boxes represent a unitary operation involving multiple
probes (Q strategies).
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Figure 2. Generalized Ramsey sequence performance measurements. Markers are experimental data with 1� statistical
uncertainties, and solid lines are theory with no free parameters. a 16 ion chain expectation value of spin operator hJzi /~ as a
function of evaluation pulse phase �. 50 experiments are averaged per point, and 5 full traces are recorded to calculate mean
and standard deviation of each curve. b MSE calculated from traces in a for optimal linear estimator �est. Overlaid in grey
is the prior distribution P�� (�) with �� ⇡ 0.79 (minimum of BMSE vs ��). c ��/�� as a function of prior width �� for 12
ions in the four variational sequences. The blue shaded region corresponds roughly to classical Ramsey sequences. The red
shaded region is inaccessible to single-shot measurement schemes, where the boundary corresponds to the optimal quantum
interferometer (OQI) [33]. Each point is produced by numerically integrating curves as in b over � as per Eq. M2. The OQI,
the standard quantum limit (SQL) and the phase slip limit (PSL) are indicated by black lines (Methods M4). Inset ��/�� as
a function of particle number at the prior width indicated by the dashed line. N = 16 points calculated from data in b. d Allan
deviation normalized to noise bandwidth b↵, averaging time ⌧ and reference frequency !A as a function of prior width with PSL,
SQL, Heisenberg limit (HL) and optimal quantum clock (OQC) based on the OQI are indicated by black lines (Methods M5).
Raw data, color scheme, and markers from c.

N = 12 N = 26

�� 0.6893 0.792 0.5480 0.7403

(0, 0) �3.56(3) dB �3.63(8) dB �3.22(3) dB �4.53(3) dB
(1, 0) �4.61(12) dB �4.34(4) dB �5.63(7) dB �5.39(2) dB
(1, 2) �5.06(11) dB �5.18(8) dB �5.84(9) dB �6.75(2) dB

OQI �5.86 dB �8.36 dB

Table I. Comparison of measured values of ��/�� at two
values of �� corresponding to the minima of the (1, 0) (smaller
��) and (1, 2) (larger ��) scheme, respectively. Note that the
location of the minimum for (1, 2) and (0, 0) is identical to
within the measurement resolution presented. For reference,
the minimum of the optimal quantum interferometer (OQI,
border to shaded red region in Fig. 2 c) is given as well.
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Theory: Interpretation of Results
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2. `On-device’ optimization for  in experiment θopt, ϑopt
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*Modified DIRECT global optimizer with trigonometric covariance kernel and GP meta-model [R. van Bijnen; and C Kokail et al., Nature 2019]

26 ion optimizer* run of (1, 2) sequence, 7 free parameters, twisting angles not calibrated
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ATOMIC PHYSICS

Seconds-scale coherence on an optical clock
transition in a tweezer array
Matthew A. Norcia, Aaron W. Young, William J. Eckner, Eric Oelker, Jun Ye, Adam M. Kaufman*

Coherent control of high–quality factor optical transitions in atoms has revolutionized precision
frequency metrology. Leading optical atomic clocks rely on the interrogation of such transitions in
either single ions or ensembles of neutral atoms to stabilize a laser frequency at high precision and
accuracy. We demonstrate a platform that combines the key strengths of these two approaches, based
on arrays of individual strontium atoms held within optical tweezers. We report coherence times
of 3.4 seconds, single-ensemble duty cycles up to 96% through repeated interrogation, and frequency
stability of 4.7 × 10−16 (t/s)–1/2. These results establish optical tweezer arrays as a powerful tool
for coherent control of optical transitions for metrology and quantum information science.

O
ptical clocks based on neutral atoms and
ions achieve exceptional precision and
accuracy (1–6), with applications in rel-
ativistic geodesy (7), tests of relativity
(8), and searches for dark matter (9).

Achieving such performance requires balanc-
ing competing desirable features, including a
high particle number, isolation of atoms from
collisions, insensitivity to motional effects, and
high–duty cycle operation (10, 11).
The leading platforms for optical clocks—

based on trapped single ions and ensembles of
neutral atoms confined within optical lattices—
take distinct approaches in the pursuit of pre-
cision and accuracy. Clocks based on single
ions use single-particle control and detection
to enable high–duty cycle interrogation of an
isolated atom (6, 12). Optical lattice clocks, on
the other hand, typically interrogate thousands
of atoms in parallel to reach exceptionally low
atom shot noise, enabling frequency measure-
ments with precision below the part-per-1018

level within 1 hour (2).
Working with large atom numbers creates

challenges associatedwith laser frequency noise
aliasing and interatomic collisions, which can
be difficult to address simultaneously. Fre-
quency noise aliasing through the so-called
Dick effect arises from dead time between
subsequent interrogations of the atoms (13).
Methods have been developed to overcome
dead-time effects by interleaving interroga-
tion of two independent clock ensembles in
separate chambers (2, 14), and techniques
for high-precision nondestructive detection
have been explored (15, 16).
Interatomic collisions can limit both the

precision and accuracy of a clock, but they
can be mitigated by isolating the atoms from
one another. This has recently been demon-
strated in a Fermi-degenerate optical lattice

clock, in which a well-defined number of atoms
occupies each lattice site (17). This approach
relies on evaporative cooling and a quantum
phase transition in the Hubbard model ground
state, and therefore typically requires long
gaps between clock interrogations, leading
to increased sensitivity to noise aliasing. The
sub–micrometer-scale optical lattices essen-
tial for such Hubbard-regime physics also
limit the current record for atom-light co-
herence (8 s), because dephasing from atomic
tunneling must be balanced against deco-
herence attributable to scattering from the
lattice (17, 18). This suggests that the next
frontier in atomic coherence will require
new tools that allow control of the atomic
spacing (18).
Here, we demonstrate the core capabilities

for an optical-frequency metrology platform
based on arrays of individual strontium atoms
trapped in optical tweezers (see Fig. 1A). The
platform combines the high duty cycle and
microscopic control techniques of ion clocks
with the scaling capacity inherent in neutral
atoms, and it allows for a high degree of atomic
isolation and coherence. The single-atom oc-
cupancy readily achieved in tweezers elimi-
nates perturbations associated with atomic
collisions; the low temperatures and relatively
large spatial separation between tweezers can
suppress motional and tunneling effects. The
tweezer platform also enables rapid, state-
selective, nondestructive detection (19–24) and
thus repeated clock interrogation of the same
atoms. These experimental conditions allow
the duty cycles, stability, and atom-optical co-
herence reported in this work.
Combining coherent control of the clock

transition with the microscopic control af-
forded by optical tweezers may also prove
useful in several subfields of quantum infor-
mation science more broadly. Such control
is necessary for proposals for quantum gates
based on spin-orbital exchange interactions
(25–27). Further, single-photon Rydberg tran-
sitions from the excited clock state allow

access to many-body spin models and gate
architectures with fast time scales rela-
tive to dissipation rates, which may lead to
improvement over analogous schemes with
alkali species (28–30). Rydberg dressing on the
clock transition of microscopically controlled
atoms also provides a clear path to the gen-
eration of entangled states with improved
metrological performance (31, 32), a long-
standing goal for optical clocks.
Our platform (21) consists of one-dimensional

arrays of neutral, bosonic 88Sr atoms that are
tightly confined within optical tweezers and
cooled using three-dimensional sideband cool-
ing (Fig. 1). With each run of our experiment,
individual tweezers have an approximately 50%
probability of being empty or of containing a
single atom; multiple occupancies are sup-
pressed by light-assisted collisions (33). For
the current work, we use 10 traps, generated by
applying 10 radio-frequency tones to an acousto-
optic deflector. Imaging is performed with neg-
ligible atom loss by simultaneously scattering
photons on the broad 1S0 to 1P1 transition at
461 nm and cooling on the narrow-linewidth
1S0 to

3P1 transition at 689 nm (21, 22, 24).
We interrogate the 1S0 to

3P0 optical “clock”
transition, which is induced in our bosonic
atoms by applying a magnetic field (3, 34),
using light from a highly stable laser re-
ferenced to a crystalline optical cavity (2).
Magnetic field values of 0.14 to 2.2 mT and
probe intensities ranging from 50 mW/cm2

to 5 W/cm2 are used to generate Rabi fre-
quencies from 0.125 Hz for our narrowest-
linewidth Rabi spectroscopy up to 17 Hz for
Ramsey spectroscopy (35). By comparing im-
ages of the atomic array taken before and after
probing, we infer the excitation to the 3P0 state
from the apparent loss of atoms in the 1S0
ground state. Because the imaging is highly
nondestructive (23, 24), we can repeat this in-
terrogation cycle many times before preparing
a new ensemble of atoms (Fig. 1B). The tweez-
er light has a wavelength near 813.4272 nm,
where the light shifts to 1S0 and

3P0 are nearly
equal [the so-called “magic wavelength” (36)].
The use of a “magic angle” technique (21)
allows us to also achieve state-insensitive trap-
ping on the 1S0 to 3P1 transition at this wave-
length, enabling sideband cooling to average
phonon numbers of 0.2 along the axis of the
clock interrogation.
These conditions enable coherent atom-

light interactions on seconds-long time scales.
Figure 1B (inset) shows the inferred excitation
probability associated with a 1.5-s laser probe
pulse as a function of laser frequency, with the
intensity of the probe pulse tuned tomaximize
transfer probability. The full width at half
maximum (FWHM) of this feature is below
500 mHz, extracted by fitting a Gaussian
function to the excitation probability. We fur-
ther characterize the atom-light coherence
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through Ramsey spectroscopy, where we scan
the duration of the gap between two p/2 pulses
from the clock laser. Because the laser is held at
the probe light–shifted resonance frequency of
the clock transition, we observe oscillations

in the final transfer fraction occurring at the
difference between this frequency and that of
the bare clock transition. The contrast of these
oscillations persists with a 1/e decay time of up
to 3.4 ± 0.4 s (Fig. 1C), providing a measure of

our atom-light coherence and a bound on our
atom-atom coherence.
We observe more rapid decay of Ramsey

contrast when operating with deep tweezers,
with a rate that depends linearly on the depth
of the tweezers (Fig. 2A). This can be largely
attributed to slight variations in the optical
frequencies of the tweezer light across the
different traps, stemming from the different
radio-frequency tones applied to the acousto-
optic deflector (adjacent tweezers are separated
by 5MHz). Because of this frequency difference,
all traps cannot be operated at exactly themagic
wavelength at the same time. The predicted
magnitude of this effect is illustrated by the
black line in the inset of Fig. 2A; the dashed
gray line is an expectation that shows the
combined effect of this non-magic behavior
and the Raman scattering from the excited
state (18). We use the spatial resolution of
our system to study this dephasing effect at a
single-atom level in Fig. 2, B and C. For the
deepest tweezers used in Fig. 2A, we fit the
phase of the Ramsey fringes for each site in
the array at different hold times. We observe
a relative shift in this phase between tweezers
that increases linearly with hold time and
with the distance from the center of the
array (Fig. 2B), from which we extract the
relative frequency shifts between atoms in
different tweezers. These frequency shifts
are plotted in Fig. 2C for selected depths,
and they agree well with predictions based
on the known derivative of the differential
polarizability of the clock transition, –15.5 ±
1.1 (mHz/ER)/MHz (37, 38). To eliminate this
dephasing mechanism in the future, the
tweezers could be projected using a digital
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Fig. 1. Clock transition interrogation in an optical tweezer array.
(A) Apparatus for interrogation of 1S0 to 3P0 “clock” transition in tweezer
arrays of strontium atoms. Using a high–numerical aperture (NA > 0.65)
objective, we project tightly confining optical potentials to trap single strontium
atoms. By tuning these traps near the so-called “magic” wavelength, we can
ensure that the clock transition is minimally sensitive to the local intensity
experienced by the atoms. (B) Repeated interrogation of clock transition. Top:
Image of a single ensemble of atoms loaded into tweezers with ~50% filling.
After interrogating the clock transition, excitation of the 3P0 state can be inferred
from apparent atom loss in a second image. By repumping atoms between

interrogation cycles, each ensemble can be interrogated many times before
losing atoms. Bottom: Image averaged over many such ensembles. Inset:
Narrow-line Rabi spectrum of clock transition retrieved without repeated
interrogation. Fits to sinc and Gaussian functions are shown in gray and black,
respectively. In this case, a 1.5-s probe yields an approximately Fourier-limited
Gaussian linewidth of 450 ± 20 mHz. (C) Ramsey spectroscopy in 200-photon
recoil energy (ER) deep tweezers, showing a coherence time of 3.4 ± 0.4 s.
The frequency of the fringes is set by the differential light shift imposed on the
clock transition by the probe beam. These data were taken using the repeated
imaging technique outlined in the text.

Fig. 2. Single-site resolved coherence studies. (A) Ramsey contrast as a function of evolution time for
different trap depths, showing tweezer-induced contrast decay. Inset: 1/e Gaussian decay rates for
Ramsey contrast versus tweezer depth, in units of the tweezer photon recoil energy ER. For deep tweezers,
contrast decay rate is proportional to tweezer depth. This can largely be explained by variations in the
frequency of the trapping light across the tweezer array as a result of different radio-frequency tones used to
generate the tweezer spots, whose expected contribution is represented by the black line. The combined
expectation of both this effect and Raman scattering, as inferred from measured depopulation rates from
3P0, is illustrated by the gray dashed line (18, 35). (B) Measured relative Ramsey phase shifts for individual
traps in 1800-ER tweezers. (C) Inferred relative frequency shifts for individual tweezers at different depths,
with predictions based on the known sensitivity to trap detuning (37, 38).
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see also Endres (Caltech), …
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`On-device' optimization in regime of quantum advantage
• Quantum Sensors benefit from scaling to large particle # N

• `On-device’ optimization to solve `many-body problem’ in quantum advantage regime

• Classical optimization of variational entangler and decoder 
is challenging in regime  spins, and in 2D etc. N > 50
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Next lecture

Open positions:

‣ PhD students

‣ Postdocs

1. Beyond Spin Squeezing: Variational Quantum 

Metrology for Ramsey Interferometry and Atomic 

Clocks


2. Programmable Quantum Sensors and Quantum 

Compasses


3. Quantum Sensing Networks for Tests of 

Quantum Mechanics and General Relativity


