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Quantum Sensing with Atoms and Photons



Outline

• quantum sensing with atoms

• quantum sensing with photons

(introductory/overview - no technical details)



Quantum sensing with atoms 
(all qubits, including honorary atoms)



• combine high spatial resolution and high precision
Quantum sensors
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tion from this motion leads to a fractional fre-
quency shift for the moving clock of (17)

df
f0

¼ 1
〈gð1 − v∥=cÞ〉

− 1 ð1Þ

Here v|| is the velocity of the Al+ ion along
the wave vector of the probe laser beam g ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2=c2

p
, c is the speed of light, v is the

ion’s velocity with respect to the laboratory ref-
erence frame, and f0 is the ion’s proper resonant
frequency. Angle brackets denote time averages.
Because the induced Al+ ion motion is harmonic,
its contribution to 〈v||〉 averages to zero; therefore,
any observed change in the ion’s transition fre-
quency is due to a change in g and corresponds to
relativistic time dilation (18). For v/c << 1, Eq. 1
can be approximated by df /f0 ≈ −〈v2〉/2c2 (17). We
measured the frequency difference between the
two clocks (df/f0) while varying the velocity of the
ion motion. The experimental results, which con-
firm the prediction of Eq. 1, are plotted in Fig. 2.

Differences in gravitational potential can be de-
tected by comparing the tick rate of two clocks. For
small height changes on the surface of Earth, a
clock that is higher by a distance ∆h runs faster by

df
f0

¼ g Dh
c2

ð2Þ

where g ≈ 9.80 m/s2 is the local acceleration due
to gravity (4). The gravitational shift corresponds
to a clock shift of about 1.1 × 10−16 per meter of
change in height. To observe this shift, we first
compared the frequencies of the two Al+ clocks at
the original height difference of ∆h = h (Mg-Al) −
h (Be-Al) = −17 cm, which was measured with a
laser level. Then we elevated the optical table on
which theMg-Al clock was mounted, supporting
it on platforms that increased the height by 33 cm,
and compared the frequencies again. The two mea-

surements consist of approximately 100,000 s of
low-height data and 40,000 s of high-height data,
and the clocks exhibit (Fig. 3) a fractional fre-
quency change of (4.1 T 1.6) × 10−17. When this
shift is interpreted as a measurement of the change
in height of the Al-Mg clock, the result of 37 T
15 cm agrees well with the known value of 33 cm.

Although ideally 〈v||〉 = 0, small linear veloc-
ities of the Al+ ions can occur because of effects
such as slow electrical charging of insulating ma-
terial in the trap. FromEq. 1, the clock’s frequency
(that is, the frequency of the probe laser locked to
the moving ion’s clock transition) exhibits a frac-
tional frequency shift

df
f0

≈
〈v∥〉
c

ð3Þ

if the Al+ ion is moving at an average velocity 〈v||〉
in the propagation direction of a probe laser beam.
In the comparison measurements between the Al+

clocks, theDoppler effect was carefully constrained
by alternate use of probe laser beams counter-
propagating with respect to each other (11). Any
motion of the ion is detected as a difference in the
transition frequencies measured by the two laser
beams. In theAl-Mg clock,we observed a fractional
frequency difference of (1.2 T 0.7) × 10−17 be-
tween the two probe directions, which corresponds
to the ionmoving at a speed of (1.8 T 1.1) nm/s in
the lab frame. However, the clock rate is not sig-
nificantly affected by a velocity of this magnitude,
because it is derived from an average of the two
opposite laser-probe directions.

Small relativistic effects reported here have
been observed with optical atomic clocks of un-
precedented precision and accuracy. With im-
proved accuracy, the sensitivity of optical clocks
to small variations in gravitational potential might
find applications in geodesy (19, 20), hydrology
(21), and tests of fundamental physics in space

(22). The basic components for clock-based geo-
detic measurements were demonstrated here by
comparing two accurate Al+ optical clocks through
75 m of noise-canceled fiber and measuring
height-dependent clock shifts. In clock-based
geodesy (23, 24), accurate optical clocks would
be linked to form a network of “inland tide gauges”
(25) that measure the distance from Earth’s sur-
face to the geoid: the equipotential surface of
Earth’s gravity field that matches the global mean
sea level. Such a network could operate with high
temporal (daily) and geospatial resolution at the
clock locations. It would therefore complement
geodetic leveling networks, whose update period
is typically 10 years or longer, as well as biweekly
satellite-generated global geoid maps.

For a network to be useful, clock accuracy
must be improved to 10−18 or better (26–28) to
allow for height measurements with 1-cm uncer-
tainty. In Al+ clocks, improved control of the ion
motion is needed to reduce the uncertainty of
motional time dilation, and issues of reliability
must be addressed, so that the clocks can operate
unattended for long periods. High-quality links
are also needed to connect the optical clocks.
Realistic link demonstrations with telecommuni-
cations fiber akin to the links used in this work
have shown that optical frequencies can be trans-
mitted across fiber lengths of up to 250 km with
inaccuracy below 10−18 (29–31), and continent-
scale demonstrations are in progress (30). How-
ever, intercontinental links may require the faithful
transmission of optical carrier frequencies to sat-
ellites through the atmosphere, and this is an un-
solved problem under active investigation (32, 33).
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Fig. 3. Gravitational time dilation at the scale of daily life. (A) As one of the
clocks is raised, its rate increases when compared to the clock rate at deeper
gravitational potential. (B) The fractional difference in frequency between
two Al+ optical clocks at different heights. The Al-Mg clock was initially
17 cm lower in height than the Al-Be clock, and subsequently, starting at
data point 14, elevated by 33 cm. The net relative shift due to the increase in

height is measured to be (4.1 T 1.6) × 10−17. The vertical error bars rep-
resent statistical uncertainties (reduced c2 = 0.87). Green lines and yellow
shaded bands indicate, respectively, the averages and statistical uncertain-
ties for the first 13 data points (blue symbols) and the remaining 5 data
points (red symbols). Each data point represents about 8000 s of clock-
comparison data.
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replacement of real atoms, which need to be cooled
and trapped, with solid-state emitters. Following
work on semiconductor quantum dots in photonic-
crystal cavities, researchers began coupling NV cen-
ters to a variety of optical resonators. Furthermore,
advances in diamond fabrication pioneered by the
groups of Marko Lončar, Ray Beausoleil, and Evelyn
Hu have made it possible to create high-quality
nanostructures in diamond itself, an integrated 
approach to efficient photon-mediated interactions
between NV defects.

Other degrees of freedom besides photons can
also be used to transport quantum states. Phonons,
for instance, have long been used with great success
in ion traps, where the collective motion of the ions
represents the vibrational degrees o f freedom. The
same idea can be extended to solid-state devices by
using a mechanical resonator to host long-lived
phonon states and engineering the interactions be-
tween the resonator’s motion and a quantum system.

Figure 3 illustrates recent approaches taken to
couple NV centers to mechanical resonators. For in-
stance, a cantilever outfitted with a magnetic tip can
interact with the spin state of a nearby NV center by
inducing a Zeeman shift that varies with the can-
tilever position.11 Alternatively, a mechanical res-
onator can be fashioned out of diamond itself, so
that an NV center in the device will have an energy-
level structure that shifts with motion-induced
strain on the crystal.12 For both mechanisms, achiev-
ing coherent spin–phonon interactions requires
high-quality mechanical resonators and cryogenic
temperatures. Nevertheless, if realized, the mechan-
ical motion in such devices could be used to entan-
gle NV centers. Furthermore, with modifications,
the resonator could interact with different degrees
of freedom—for example, a mirrored surface cou-
ples the resonator to light, and a metallic surface
produces capacitive effects in electronic circuits—
which makes for an appealing interface between
disparate quantum devices. 

Nanoscale sensing and imaging
Atom-like systems are attracting considerable inter-
est as precision sensors. NV centers provide a unique
combination of nT/√―Hz magnetic field sensitivity
and nanometer spatial resolution over a wide range
of temperatures—from cryogenic to well above am-
bient.13 Because NV centers can be created close to
a diamond’s surface, they can be brought within a
few nanometers of a sample. Dipole fields fall off
with the cube of the distance, so the close proximity

greatly enhances the sample’s effect on the defect. 
To sense a magnetic field, one optically meas-

ures the Zeeman shift it induces in the NV center’s
ground-state spin levels. Similarly, electric fields in-
duce a linear Stark shift in the spin levels,14 and tem-
perature changes are discernable as changes in the
zero-magnetic-field splitting between spin levels.15

In addition, the diamond defect features several other
appealing properties: Unlike fluorescent quantum
dots, NV centers don’t blink, nor do they bleach
under long exposure to laser light; they are geomet-
rically adaptable, able to, for instance, sit on the tip
of a force microscope cantilever, be implanted at high
densities, or be dispersed via nanodiamonds in a
host; and they are compatible with most materials,
including metals, semiconductors, liquids, polymers,
and biological tissues. 

The optical stability of NV centers and their
physical isolation within the diamond crystal make
them ideally suited for super-resolution imaging
detectors. In fact, NV centers hold the world record
for far-field optical resolution—below 10 nm—and
they have also been used for far-field nanoscale
magnetic imaging.16

By scanning a very strong magnetic field gradi-
ent over a single, shallow NV center, researchers can
now perform three-dimensional magnetic reso-
nance imaging (MRI) of single electron spins in a
solid at 1-nm resolution;17 the resolution in conven-
tional MRI systems, by contrast, is limited to mi-
crometers in solids and about one millimeter in bi-
ological tissue imaged in medical facilities. Ongoing
efforts to use similar techniques to image dynamics
of magnetic materials open prospects for mapping
out states of complex matter. In addition, research
groups have recently made nuclear magnetic reso-
nance measurements of nanometer-sized volumes
of proton spins. More specifically, they used a sin-
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Figure 4. Magnetic imaging of living cells. (a) Magnetite nanocrystals
appear as spots of high electron density in this transmission electron
microscope image of a magnetotactic bacterium (MTB), whose organelles
contain the magnetic crystals. The nanoparticles help the organism into
alignment with Earth’s magnetic field. (b) Nitrogen–vacancy centers can
image an MTB on the surface of a diamond chip. The bacterium’s magnetic
field is imaged optically at 400-nm spatial resolution by monitoring the
field-induced shift in the centers’ spin resonance frequency. The bacterium’s
cell wall is outlined in black. (Adapted from D. Le Sage et al., Nature 496 ,
486, 2013.)
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gle, shallow NV center to detect a statistical polar-
ization of only about 100 nuclear spins on the sur-
face of a bulk diamond chip (see PHYSICS TODAY,
April 2013, page 12). 

Some of the most exciting applications are in bi-
ology, where room-temperature functionality and
inert chemistry are key (see PHYSICS TODAY, August
2011, page 17). Exemplified in figure 4, magnetic 
imaging of living magnetotactic bacteria provides
information about the distribution of magnetic mo-
ments among individual bacteria in the population.
Local temperature changes can also be sensed, even
within living human cells. Figure 5 illustrates how
NV centers in nanodiamonds could be exploited to
precisely monitor changes during targeted heating
of a cell. The technique may even eventually mature
into a way to selectively kill tumor cells. 

Outlook 
Much work remains in order to exploit the full po-
tential of atom-like systems. For example, building
a room-temperature quantum processor whose
logic gates are based on coupled NV centers would
require nanometer-level control over defect place-
ment or techniques that control the quantum dy-
namics of disordered systems. To realize the promise
of diamond nanophotonics, mitigating fluctuations
in the NV center’s fluorescence frequency caused by
undesired impurities in the crystal will be essential.
Progress on NV nanoscale sensing and nanoscopic
MRI will similarly require exquisite control over the
diamond surface and the attachment of target mol-
ecules to it.

In addition to NV centers, many other atom-
like defects—in diamond and other wide-bandgap
materials—are active research topics. For example,
silicon-vacancy centers, which have been explored
by Christoph Becher, Mete Atatüre, and coworkers,
efficiently produce coherent optical photons with
excellent spectral stability and very low probability
of phonon-assisted emission. Their properties make
them an intriguing alternative to NV centers for quan-
tum optics and networking applications. In their
work on phosphorous dopants in silicon, Andrea
Morello and John Morton and coworkers have
achieved excellent control of both electronic spin
and nuclear spin qubits. And David Awschalom and
coworkers have identified defects in silicon carbide
that can be manipulated in a manner similar to NV
centers (see PHYSICS TODAY, January 2012, page 10).

Research on atom-like systems is likely to help
answer major scientific and technological questions.
For instance, studies of coherently coupled NV cen-
ters may reveal fundamental insights on equilibra-
tion, coherence, and entanglement in many-body
systems. In the domain of optics, atom-like defects
may become the building blocks of nonlinear optical
devices that operate at the single-photon level. And
experiments on quantum networks could lead to
laboratory realizations of repeater stations for long-
distance quantum communication. 

In the life sciences, atom-like sensors may
someday be used to directly image the structure of
complex individual molecules, a long-standing goal
in the MRI community. In vivo measurements of

electromagnetic fields and temperature may be-
come tools for temperature-induced control of gene
expression and tumor metabolism. Finally, atom-
like systems could potentially be employed to
image, noninvasively and in real time, firing neu-
rons in the brain. All these possibilities have created
an exceedingly rich, exciting, and interdisciplinary
research frontier.

We thank NSF, CUA, DARPA, NIST, AFOSR, ARO, CFI,
NSERC, FRQNT, and Moore Foundation for supporting
this work. 
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Figure 5. Nanoscale thermometry senses the living and the dead.
By placing a gold nanoparticle and nanodiamonds inside a living cell,
one can simultaneously alter and monitor the cell’s condition. In this
implementation, heat is applied to the gold (marked with an x in images)
using laser light, and nitrogen–vacancy centers in the nanodiamond
(marked with a circle) register changes in temperature as subtle shifts
in spin frequency. Scanned confocal fluorescence images of an individual
human cell, outlined in dashed lines, reveal its response to the applied
heat. (a) With little laser-induced heating, the cell remains alive and 
experiences a modest half-kelvin rise above ambient temperature. 
(b) Greater heating kills the cell, its condition evident in the penetration
of fluorescent stain through the cell membrane into the nucleus. The
nanodiamond sensor recorded a rise of nearly 4 K. (Adapted from 
G. Kucsko et al., Nature 500, 54, 2013.)
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• not all entangled states useful; other useful states: spin-squeezed… 



SQL

Independent atoms

20th century
Precision measurement with 
independent quantum systems

21st century
Enhanced performance with 
entangled atoms

Entanglemed atoms

21st century quantum sensors
• challenge: entanglement hard to create and protect
⇒ entanglement has never resolved a real sensing bottleneck 
⇒ time is ripe to harness entanglement for quantum sensing



Towards entangled sensors
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Implementation of Cavity Squeezing of a Collective Atomic Spin

Ian D. Leroux, Monika H. Schleier-Smith, and Vladan Vuletić
Department of Physics, MIT-Harvard Center for Ultracold Atoms and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
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We squeeze unconditionally the collective spin of a dilute ensemble of laser-cooled 87Rb atoms using

their interaction with a driven optical resonator. The shape and size of the resulting spin uncertainty region

are well described by a simple analytical model [M.H. Schleier-Smith, I. D. Leroux, and V. Vuletić,

arXiv:0911.3936 [Phys. Rev. A (to be published)]] through 2 orders of magnitude in the effective

interaction strength, without free parameters. We deterministically generate states with up to 5.6(6) dB

of metrologically relevant spin squeezing on the canonical 87Rb hyperfine clock transition.

DOI: 10.1103/PhysRevLett.104.073602 PACS numbers: 42.50.Dv, 06.20.!f, 32.80.Qk, 42.50.Lc

Squeezed spin states [1– 6], where a component of the
total angular momentum of an ensemble of spins has less
uncertainty [7,8] than is possible without quantum me-
chanical correlations [9– 12], attract interest for both fun-
damental and practical reasons. Fundamentally, they allow
the study of many-body entanglement but retain a simple
description in terms of a single collective angular-
momentum variable [4,5]. Practically, they may be a means
to overcome the projection noise limit on precision
[2,3,13,14]. Spin squeezing has been demonstrated using
entanglement of ions via their shared motional modes [9],
repulsive interactions in a Bose-Einstein condensate [10],
or partial projection by measurement [11,12].

In a companion paper [15] we propose a cavity feedback
method for deterministic production of squeezed spin
states using light-mediated interactions between distant
atoms in an optical resonator. This approach generates
spin dynamics similar to those of the one-axis twisting
Hamiltonian H / S2z in the original proposal of Kitagawa
and Ueda [1]. Cavity squeezing scales to a much higher
particle number than direct manipulation of ions [9] (but
see Ref. [16] for a potentially scalable approach) and
employs dilute ensembles rather than dense condensates
of interacting atoms [10]. Unlike measurement-based
squeezing [11,12], it unconditionally produces a known
squeezed state independent of detector performance.

Here we implement cavity squeezing for the canonical
jF ¼ 1; m F ¼ 0i $ jF ¼ 2; m F ¼ 0i hyperfine clock
transition in 87Rb atoms, achieving a 5.6(6) dB improve-
ment in signal-to-noise ratio [2,3]. To our knowledge, this
is the largest such improvement to date. Moreover, the
shape and orientation of the uncertainty regions we observe
agree with a straightforward analytical model [15], without
free parameters, over 2 orders of magnitude in effective
interaction strength.

Our scheme, similar in spirit to the proposal of Ref. [17],
relies on the repeated interaction of the atomic ensemble
with light circulating in an optical resonator, as illustrated
in Fig. 1. We label the two relevant eigenstates (clock
states) of each one of N0 atoms as the spin-up and spin-

down states of a spin-1=2 si, and define a total spin S ¼P
isi. Its z component corresponds to the population dif-

ference between clock states, and its azimuthal angle cor-
responds to their relative phase. For a given total spin
magnitude S ¼ jSj # S0 ¼ N0=2 and a given permutation
symmetry of the ensemble, the set of possible collective
states forms a Bloch sphere.
The coupling of the atoms to the resonator manifests

itself both as a differential light shift of the clock states
which causes the si to precess about the ẑ axis and as a
modified index of refraction which shifts the cavity reso-
nance frequency. If a resonator mode is tuned halfway
between the optical transition frequencies for the two clock

FIG. 1 (color online). Cavity squeezing [15]. (a) The atoms are
trapped in a standing-wave dipole trap inside an optical resona-
tor. (b) The probe laser is detuned from cavity resonance by half
a linewidth, so that atom-induced shifts of the cavity frequency
change the transmitted power. (c) The cavity is tuned halfway
between the optical transition frequencies for the two clock
states. (d) The Sz-dependent light shift shears the circular
uncertainty region of the initial coherent spin state (red circle)
into an ellipse (dotted). Photon shot noise causes phase broad-
ening that increases the ellipse area (solid). The illustration is for
a modest shearing Q ¼ 3 (see text).
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• metrologically useful entanglement of neutral atoms

Deterministic Squeezed States with Collective Measurements and Feedback

Kevin C. Cox, Graham P. Greve, Joshua M. Weiner, and James K. Thompson
JILA, NIST, and University of Colorado, 440 UCB, Boulder, CO 80309, USA

(Dated: March 9, 2016)

We demonstrate the creation of entangled, spin-squeezed states using a collective, or joint, mea-
surement and real-time feedback. The pseudospin state of an ensemble of N = 5⇥ 104 laser-cooled
87Rb atoms is deterministically driven to a specified population state with angular resolution that is
a factor of 5.5(8) [7.4(6) dB] in variance below the standard quantum limit for unentangled atoms —
comparable to the best enhancements using only unitary evolution. Without feedback, conditioning
on the outcome of the joint premeasurement, we directly observe up to 59(8) times [17.7(6) dB]
improvement in quantum phase variance relative to the standard quantum limit for N = 4 ⇥ 105

atoms. This is one of the largest reported entanglement enhancements to date in any system.

Entanglement is a fundamental quantum resource, able
to improve precision measurements and required for all
quantum information science. Advances in the creation,
manipulation, and characterization of entanglement will
be required to develop practical quantum computers,
quantum simulators, and enhanced quantum sensors.
In particular, quantum sensors operate by attempting
to estimate the total amount of phase that accumu-
lates between two quantum states, typically forming a
pseudospin-1/2 system. When N atoms are unentan-
gled, the independent quantum projection or collapse of
each atom’s wave function fundamentally limits the sen-
sor by creating a rms uncertainty �✓SQL = 1/

p
N rad in

the estimate of the quantum phase, the standard quan-
tum limit (SQL) [1]. However, entanglement can be
used to create correlations in the quantum collapse of
the N atoms [2, 3] to achieve large enhancements in
phase resolution, in principle down to the Heisenberg
limit �✓HL = 1/N rad.

This Letter features two main results. First, follow-
ing Fig. 1(a), we use the outcome of a collective, or
joint, measurement to actively steer the collective spin
projection of an ensemble of 5 ⇥ 104 laser-cooled and
trapped 87Rb atoms to a target entangled quantum state.
Real-time feedback allows generation of the target state
with enhanced angular resolution S�1 ⌘ (�✓SQL/�✓)2 =
5.5(8), or 7.4(6) dB below the SQL, with no background
subtractions. Second, we perform a direct subtraction of
quantum noise without feedback and directly observe a
conditionally enhanced phase resolution S�1 = 59(8) or
equivalently 17.7(6) dB below the SQL. Along with an-
other recent result using similar collective measurements
[4], this is the largest phase enhancement from entangle-
ment to date in any system.

Entanglement is often created and manipulated via
unitary interactions between qubits [5–14]. However,
the joint measurements on two or more qubits used here
(sometimes referred to as quantum nondemolition mea-
surements) have shown promise for creating entangle-
ment, particularly among large numbers of qubits [15–
26]. By adding real-time feedback guided by the outcome
of joint measurements, one can access a more diverse
range of quantum technologies including Heisenberg-
limited atomic sensors [27], reduction of mean field shifts

FIG. 1. (a) A coherent spin state’s spin-projection noise
(pink distribution) is projected onto a squeezed state by
a measurement of Jz. The quantum state randomly col-
lapses within the original distribution, creating a condition-
ally squeezed state. The premeasurement’s outcome is then
used to rotate the spin state’s polar angle to a desired tar-
get spin projection (black solid line) Jz = Jztar, creating a
deterministically squeezed state. (b) The relevant 87Rb en-
ergy levels (black) and cavity resonance frequency !c (blue).
(c) Simplified experimental diagram. The cavity is probed in
reflection. Homodyne detection of the probe is sampled by
a microcontroller that then applies microwaves at 6.8 GHz
to achieve the desired feedback rotation ✓fb to create the de-
terministically squeezed state in (a). See the Supplemental
Material for experimental details [37].

in atom interferometers [28, 29], quantum teleportation
[30, 31], and error correction [32, 33]. Quantum noise
suppression with real-time feedback has been considered
theoretically [34, 35] and demonstrated in a previous ex-
periment [36] but without the critical enhancement in
phase resolution that signifies entanglement.

We visualize a collection of N spin-1/2 atoms as a sin-
gle collective Bloch vector J = Jxx̂ + Jy ŷ + Jz ẑ given

by first order expectation values J↵ ⌘ hĴ↵i of collective
spin-projection operators with ↵ = {x, y, z}. The quan-
tum projection noise (QPN) and resulting SQL can be
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Cox, Greve, Weiner, Thompson 
PRL 116, 093602 (2016) 
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• metrologically useful entanglement of trapped ions

|000000i+ |111111i
same trap

Leibfried, …, Wineland, 
Nature 438, 639 (2005)

two ions 1 meter apart

Moehring, …, Monroe, 
Nature 449, 68 (2007)



Towards entangled sensors

…and lots of other experiments and proposals…

|00i+ |11i |00i+ |11i

• metrologically useful entanglement of NV centers in diamond

same diamond sample

Dolde, …, Jelezko,  Wrachtrup,
Nature Phys. 9, 139 (2013)

two NV centers 3 meters apart

Bernien, …, Hanson, 
Nature 497, 86 (2013)

- measure atomic and molecular dipole moments to test 
physics beyond the standard model
- detection of axion dark matter
- detect time variations of fundamental constants 

• potential applications to particle physics (and nuclear physics?):
[Preskill et al, DOE study group report on QI + particle physics] 

- nuclear physics applications? 
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2

NX

i=1

✓iẐi

Quantum sensor network

• target spatial profile of desired signal (e.g. Fourier mode or    
  spherical harmonic)

Q =
NX

i=1

↵i✓i

weight (we pick)
field (unknown)

• measure a desired linear combination of fields at the sensors

(↵1, ✓1)

(↵2, ✓2)

(↵3, ✓3)

(↵4, ✓4)

[nature.com]

Eldredge, Foss-Feig, Gross, Rolston, AVG, arXiv:1607.04646; patent pending
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Quantum sensor network
Q =

NX

i=1

↵i✓i

• measure a desired linear combination of fields at the sensors

Eldredge, Foss-Feig, Gross, Rolston, AVG, arXiv:1607.04646; patent pending

• tools: Fisher info matrix, Cramér-Rao bound

• found optimal protocol: 

| (0)i / |0 . . . 0i+ |1 . . . 1i & pulses during evolution



(↵1, ✓1)

(↵2, ✓2)

(↵3, ✓3)

(↵4, ✓4)

Small & intermediate scale

Large scale

• biology & medicine  
  (magnetic fields, electric fields,  
  temperature, etc, inside human  
  body/cell)

Optimal and Secure Measurement Protocols for Quantum Sensor Networks

Zachary Eldredge,1, 2 Michael Foss-Feig,1, 2, 3 S. L. Rolston,1 and Alexey V. Gorshkov1, 2

1Joint Quantum Institute, NIST/University of Maryland, College Park, Maryland 20742, USA
2Joint Center for Quantum Information and Computer Science,

NIST/University of Maryland, College Park, Maryland 20742, USA
3United States Army Research Laboratory, Adelphi, MD 20783, USA

(Dated: December 8, 2016)

Studies of quantum metrology have shown that the use of many-body entangled states can lead
to an enhancement in sensitivity when compared to product states. In this paper, we quantify the
metrological advantage of entanglement in a setting where the measured quantity is a linear function
of parameters individually coupled to each qubit. We first generalize the Heisenberg limit to the
measurement of non-local observables in a quantum network, deriving a bound based on the multi-
parameter quantum Fisher information. We then propose a protocol that can make use of GHZ
states or spin-squeezed states, and show that in the case of GHZ states the procedure is optimal,
i.e., it saturates our bound. We also identify magnetoencephalography as a promising setting for
this technology.

Entanglement is a valuable resource in precision mea-
surement, as measurements using entangled probe sys-
tems have fundamentally higher optimal sensitivity [1]
than those using product states. A generic measurement
using N unentangled probes will have a standard devi-
ation from the true value asymptotically proportional
to 1/

p
N , while a measurement making full use of en-

tanglement can improve this scaling to 1/N . For mea-
surement of a single parameter coupled independently to
each probe system, this 1/N (or “Heisenberg”) scaling is
the best possible that is consistent with the Heisenberg
uncertainty principle [1, 2]. The procedure can also be
reversed–enhanced sensitivity to disturbances can pro-
vide experimental evidence of entanglement [3–5].

Measurements making use of entanglement usually
couple one parameter to N di↵erent systems [1, 6, 7].
However, the emerging potential of long-range quantum
information opens new avenues for metrology [8, 9] and
entanglement distribution [10]. The ability to distribute
entanglement across spatially separated regions has al-
ready been used for recent loophole-free tests of Bell’s
inequality [11–13]. In this work, we are interested in cou-
pling N parameters to N di↵erent systems, which may be
spatially separated, and measuring a linear function of all
of them (see Fig. 1a), such as a single mode of a spatially
varying field. Such measurements may be of interest in
geodesy or geophysics [14–17], but in this paper we sug-
gest a possible application in magnetoencephalography
(MEG). In MEG, magnetic field measurements taken at
the surface of a patient’s head provide information on the
current sources present in the brain; later in this paper
we will discuss precisely how our method might apply in
this setting.

The function q we wish to measure is a weighted sum
of the deterministic individual parameters ✓i, where i

indexes the individual systems and each weight is denoted

FIG. 1. (a) An illustration of the network setup in an MEG
setting. Nodes, located at di↵erent points around a brain,
share an entangled state; at each node there is both an un-
known parameter ✓i and a known relative weight ↵i. We are
concerned with estimating ~↵ ·~✓. (b) Illustration of the partial
time evolution protocol for three qubits. Solid green segments
of the timeline represent periods when a qubit is evolving due
to coupling to the local parameter ✓i, while dashed red seg-
ments represent periods after the qubit stops evolving. The
switch occurs at times corresponding to their weight in the fi-
nal linear combination. The weight of the last qubit is ↵3 = 1.

by a known real number ↵i,

q =
NX

i=1

↵i✓i = ~↵ · ~✓. (1)

In this paper, we characterize the advantage entangle-
ment provides in this setting and construct an optimal
strategy that amounts to turning some qubits’ evolution
“on” and “o↵” for time proportional to the weight with
which their parameter contributes to the function q (see

• geodesy & geophysics  
  (earthquake/volcano prediction)

• e.g. magnetometry, electrometry, 
  thermometry, gravimetry, etc…

Applications

• nuclear physics?



Quantum sensing with photons 



Sensing with photons
• optical photons: imaging, spectroscopy, radiometry, interferometry 
• key resource: non-classical (including entangled) states of light 

• need strong interactions between individual photons 

• nonlinearities in nonlinear crystals tiny at single-photon level

most classical: coherent states

â|↵i = ↵|↵i

|↵i =
1X

n=0

cn|ni P (n) = |cn|2 = e�|↵|2 |↵|2n

n!
Poissonian



Typical approach to achieving interactions between optical photons:

• nonlinearity induced by individual atoms (or artificial atoms) 

components and propagates to nodes B and C, where the entangled 
photon state is coherently mapped into an entangled state between col-
lective excitations at each of the two nodes13,19. Subsequent read-out of 
entanglement from the memories at node B and/or node C as photon 
pulses is implemented at the ‘push of a button’. 

Cavity QED
At the forefront of efforts to achieve strong, coherent interactions 
between light and matter has been the study of cavity QED20. In both 
the optical12,21 and the microwave22–25 domains, strong coupling of single 
atoms and photons has been achieved by using electromagnetic reso-
nators of small mode volume (or cavity volume) Vm with quality fac-
tors Q ≈ 107–1011. Extensions of cavity QED to other systems26 include 
quantum dots coupled to micropillars and photonic bandgap cavities27, 
and Cooper pairs interacting with superconducting resonators (that is, 
circuit QED; see ref. 28 for a review). 

Physical basis of strong coupling
Depicted in Fig. 2a is a single atom that is located in an optical resona-
tor and for which strong coupling to a photon requires that a single 
intracavity photon creates a ‘large’ electric field. Stated more quanti-
tatively, if the coupling frequency of one atom to a single mode of an 
optical resonator is g (that is, 2g is the one-photon Rabi frequency), 
then 
 ________
 !ε•μ0!

2 ωC g = ________ (1)
 √ 2"ε0Vm

where μ0 is the transition dipole moment between the relevant atomic 
states (with transition frequency ωA), and ωC ≈ ωA is the resonant fre-
quency of the cavity field, with polarization vector ε. Experiments in cav-
ity QED explore strong coupling with g >> (γ, κ), where γ is the atomic 
decay rate to modes other than the cavity mode and κ is the decay rate 
of the cavity mode itself. Expressed in the language of traditional opti-
cal physics, the number of photons required to saturate the intracavity 
atom is n0 ≈ γ2/g2, and the number of atoms required to have an appreci-
able effect on the intracavity field is N0 ≈ κγ/g2. Strong coupling in cavity 
QED moves beyond traditional optical physics, for which (n0, N0) >> 1, 
to explore a qualitatively new regime with (n0, N0) << 1 (ref. 12). 

In the past three decades, a variety of approaches have been used to 
achieve strong coupling in cavity QED12,20–25. In the optical domain, a 
route to strong coupling is the use of high-finesse optical resonators 
(F ≈ 105–106) and atomic transitions with a large μ0 (that is, oscillator 
strengths near unity). Progress along this path is illustrated in Fig. 2c, 
with research now far into the domain (n0, N0) << 1. 

As the cavity volume Vm is reduced to increase g (equation (1)), the 
requirement for atomic localization becomes more stringent. Not sur-
prisingly, efforts to trap and localize atoms in high-finesse optical cavi-
ties in a regime of strong coupling have been central to studies of cavity 
QED in the past decade, and the initial demonstration was in 1999 
(ref. 29). Subsequent advances include extending the time for which an 
atom is trapped to 10 s (refs 30, 31); see ref. 32 for a review. Quantum 
control over both internal degrees of freedom (that is, the atomic dipole 
and the cavity field) and external degrees of freedom (that is, atomic 
motion) has now been achieved for a strongly coupled atom–cavity 
system33. And an exciting prospect is cavity QED with single trapped 
ions, for which the boundary for strong coupling has been reached34. 

Coherence and entanglement in cavity QED
Applying these advances to quantum networks has allowed single pho-
tons to be generated ‘on demand’ (Box 1). Through strong coupling of 
the cavity field to an atomic transition, an external control field Ω(t) 
transfers one photon into the cavity mode and then to free space by 
way of the cavity output mirror, leading to a single-photon pulse !ϕ1(t)# 
as a collimated beam. The temporal structure (both amplitude and 
phase) of the resultant ‘flying photon’ !ϕ1(t)# can be tailored by way of 

the control field Ω(t) (refs 6, 35), with the spatial structure of the wave 
packet being set by the cavity mode. 

Several experiments have confirmed the essential aspects of this 
process for the deterministic generation of single photons30,34,36. Sig-
nificantly, in the ideal (adiabatic) limit, the excited state !e# of the atom 
is not populated because of the use of a ‘dark state’ protocol37. By deter-
ministically generating a bit stream of single-photon pulses from single 
trapped atoms, these experiments are a first step in the development of 
quantum networks based on flying photons. 

Compared with the generation of single photons by a variety of other 
systems38, one of the distinguishing aspects of the dark-state protocol 
(Box 1) is that it should be reversible. That is, a photon that is emitted 
from a system A should be able to be efficiently transferred to another 
system B by applying the time-reversed (and suitably delayed) field Ω(t) 
to system B (Fig. 1c). Such an advance was made18 by implementing 
the reversible mapping of a coherent optical field to and from internal 
states of a single trapped caesium atom. Although this experiment was 
imperfect, it provides the initial verification of the fundamental primi-
tive on which the protocol for the physical implementation of quantum 
networks in ref. 6 is based (an important theoretical protocol that has 
been adapted to many theoretical and experimental settings).
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Figure 2 | Elements of cavity QED. a, Shown is a simple schematic of an 
atom–cavity system depicting the three governing rates (g, κ, γ) in cavity 
QED, where g ≈ χ in Fig. 1. Coherent exchange of excitation between the 
atom and the cavity field proceeds at rate g, as indicated by the dashed arrow 
for the atom and the green arrows for the cavity field. b, A photograph of 
two mirror substrates that form the Fabry–Pérot cavity, which is also shown 
schematically. The cavity length l = 10 μm, waist w0 = 12 μm transverse to the 
cavity axis, and finesse F ≈ 5 × 105. The supporting structure allows active 
servo control of the cavity length to δl ≈ 10−14 m (ref. 12). Scale bar, 3 mm. 
c, The reduction in the critical photon number n0 over time is shown for 
a series of experiments in cavity QED that were carried out by the Caltech 
Quantum Optics Group. These experiments involved either spherical-mirror 
Fabry–Pérot cavities (circles) or the whispering-gallery modes of monolithic 
SiO2 resonators (squares). The data points shown for 2006 and 2008 are for a 
microtoroidal SiO2 resonator75,76; those for 2009 and 2011 (open squares) are 
projections for this type of resonator77.

1025

NATURE|Vol 453|19 June 2008 INSIGHT REVIEW

Kimble @ Caltech

Hard!

LETTERS

Coherent generation of non-classical light
on a chip via photon-induced tunnelling
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Quantum dots in photonic crystals are interesting because of

their potential in quantum information processing
1,2

and as a

testbed for cavity quantum electrodynamics. Recent advances in

controlling
3,4

and coherent probing
5,6

of such systems open the

possibility of realizing quantum networks originally proposed

for atomic systems
7–9

. Here, we demonstrate that non-classical

states of light can be coherently generated using a quantum

dot strongly coupled to a photonic crystal resonator
10,11

. We

show that the capture of a single photon into the cavity

aVects the probability that a second photon is admitted. This

probability drops when the probe is positioned at one of the two

energy eigenstates corresponding to the vacuum Rabi splitting, a

phenomenon known as photon blockade, the signature of which

is photon antibunching
12,13

. In addition, we show that when the

probe is positioned between the two eigenstates, the probability

of admitting subsequent photons increases, resulting in photon

bunching. We call this process photon-induced tunnelling. This

system represents an ultimate limit for solid-state nonlinear

optics at the single-photon level. Along with demonstrating

the generation of non-classical photon states, we propose an

implementation of a single-photon transistor
14

in this system.

The optical system consists of a self-assembled InAs quantum
dot with decay rate �/2⇡⇡ 0.1 GHz coupled to a three-hole defect
cavity15 in a two-dimensional GaAs photonic crystal, as described
in ref. 5. The quantum-dot/cavity coupling rate g/2⇡= 16 GHz
equals the cavity field decay rate /2⇡= 16 GHz (corresponding
to a cavity quality factor Q = 10,000), which puts the system
in the strong coupling regime10,11. We first characterize the
system in photoluminescence by pumping the structure above the
GaAs bandgap. The photoluminescence scans in Fig. 1b show the
anticrossing characteristic of strong coupling between the quantum
dot and the cavity. Here, the quantum dot is tuned into resonance
using local temperature tuning16 around an average temperature
of 20 K maintained in a continuous He flow cryostat. To generate
non-classical light, we coherently probe the system with linearly
polarized laser beams (Fig. 1a) and observe the cross-polarized
output, as described in our previous work5. The cross-polarized
set-up enables us to separate the cavity-coupled signal from the
direct probe reflection, which is essential for achieving large
signal-to-noise ratios needed in autocorrelation measurements.
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Figure 1 Schematic diagram of the experimental set-up. a, Laser pulses (40 ps
FWHM) are reflected from a photonic crystal cavity that is linearly polarized at 45�

relative to the input polarization set by the polarizing beam splitter (PBS). The output
light, observed in cross-polarization and carrying the cavity-coupled signal, is
analysed using an HBT set-up that measures second-order correlation. The inset
shows the suspended structure with the photonic crystal cavity and the metal pad
for local temperature tuning16. BS: beam splitter; QD: quantum dot; D1 and D2:
single-photon detectors. b, Anticrossing observed in photoluminescence as the
quantum dot is tuned into resonance with the cavity. The temperature tuning is done
by linearly increasing the power (P ) of the heating laser16. The right panel shows the
spectrum at the anticrossing point marked by the blue line. The red lines mark the
cavity and quantum-dot resonance as if they were decoupled.

Our set-up is such that the measurement on the reflected port from
this single-sided cavity is analogous to a transmission measurement
in a Fabry–Perot arrangement.
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Vuckovic @ Stanford

Photon-photon interactions



Typical approach to achieving interactions between optical photons:

• nonlinearity induced by individual atoms (or artificial atoms) 

Map strong atom-atom interactions onto  
strong photon-photon interactions

Our approach: 

Photon-photon interactions



interaction 
between 
Rydberg 

states

photon photonatom atom

excite 
to 

Rydberg 
state

excite 
to 

Rydberg 
state

Experiments: Adams, Kuzmich, Lukin & Vuletic, Pfau & Löw,  Grangier, Weidemüller, 
Hofferberth, Dürr & Rempe, Simon, Firstenberg, Ourjoumtsev, etc…  
Theory: Kurizki, Fleischhauer, Petrosyan, Mølmer, Pohl, Lesanovsky, Kennedy, Brion, 
Büchler, Sørensen, most experimental groups above, etc...

AVG et al, PRL 107, 133602 (2011)

Map strong atom-atom interactions onto  
strong photon-photon interactions

talks by Mark Saffman,  
Georg Raithel

Photon-photon interactions



• one photon drags along a Rydberg excitation

       ground-state atoms

(polariton)

Photon-photon interactions



• one photon drags along a Rydberg excitation

• Rydberg excitations feel strong, distant interactions

⇒ strong, distant photon-photon interactions

• another photon drags along a Rydberg excitation

       ground-state atoms

(polariton)

Photon-photon interactions



Regular trains of single photons

theory [Zeuthen, Gullans, Maghrebi, AVG, PRL 119, 043602 (2017) 
              + ongoing collaboration with Chang group] 
experiment [collaboration with Hofferberth group]

[related experiment: Dudin, Kuzmich, Science 336, 887 (2012)] 

  • high-rate, identical photons





Sensing application: radiometry 

standard candle

=

• calibration of photon and analog detectors

⇒ metrology, sensing, chemistry, physics,  
    astronomy, …

Hubble

nuclear physics?



Sensing applications: 
imaging, spectroscopy, trace detection 

• no shot noise (no Poisson!)

• dramatically reduced measurement uncertainty in imaging &  
  spectroscopy of low-absorption & quantity-limited samples

⇒ chemistry, biology, forensics, security, …

# detected photons# photons in

nuclear physics?



Schrödinger-cat state of light

| +i | i
|Ni|0i+ |0i|Ni

=



| +i | i
|Ni|0i+ |0i|Ni

=



| +i | i
|Ni|0i+ |0i|Ni

=

Sensing applications: interferometry, imaging

• imaging, sensing, and spectroscopy of  
  fragile photosensitive samples

⇒ chemistry, biology, materials  
    science, forensics, …

live  
cells

• interferometry with maximum per-photon sensitivity
1

N
(Heisenberg) vs

1p
N

[• other states: e.g. squeezed]

nuclear physics?



Quantum networks & internet

route & process single photons

• create remote entanglement

quantum repeater 
amplifier

• use for distributed sensing with atoms (first part of talk)

+ photon-photon gates



Non-sensing applications of interacting photons
• quantum networks & remote entanglement: secure long-
distance communication, long-base-line interferometry, 
commerce and e-commerce (e.g. unforgeable virtual money),…
• quantum computing

• exotic few-body and many-body physics:
- tunable mass, interactions, dimensionality 
- in contrast to electrons: bosons, no tunable chemical potential,  
  preparation, probing, …
- 2-photon bound states

Expt: Firstenberg, Peyronel, Liang, AVG, Lukin, Vuletić, Nature 502, 71 (2013)
Theory: Maghrebi, Gullans, …, Martin,…, AVG, PRL 115, 123601 (2015)

- 3-photon bound states (and perhaps 3-body force)
Expt: Liang, …, Gullans, AVG, Thompson, Chin, Lukin, Vuletić, Science 359, 783 (2018)
Theory: Gullans, …, AVG, PRL 117, 113601 (2016) [effective field theory (EFT)]  
             Gullans, …, AVG, Taylor, PRL 119, 233601 (2017) [Efimov states]

- simulate nuclear physics?
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Conclusions

Thank You

(↵1, ✓1)

(↵2, ✓2)

(↵3, ✓3)

(↵4, ✓4)

Eldredge, Foss-Feig, Gross, 
Rolston, AVG, arXiv:1607.04646
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