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Quantum-Enhanced s 

In physics, quantum-enhanced sensing is a component of 
quantum metrology, the study and use of quantum physics in 
metrology.  Quantum-enhanced sensing employs squeezing, 
entanglement, and other quantum effects to improve the 
sensitivity of measurements. 
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What is quantum metrology ? 
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Quantum-enhanced sensing 

Science,-2004-



HISTORY 
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Sensing gravitational waves 

Very large Michelson interferometer, 
e.g. LIGO, VIRGO, GEO, TAMA, LISA 
sensitivity     δL = 10-18 m    or    δL/L = 10-23 
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Beating shot noise in interferometry 

Carlton M. Caves 

Laser 

δφ-

Vacuum + 

pump 

vacuum 

parametric amplifier 

squeezed vacuum 
Caves,  

PRD 1981 



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-

We’re from the government and we’re here to help. 

What is quantum metrology ? 
Quantum Optics 
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Path of technology development in Q. Metrology 

GEO600-
Advanced-LIGO-
Advanced-VIRGO-
-

1981- 2011'2015-

Caves-proposes-
squeezing-for-GW-
interferometry-

1985- 2000s-

Slusher,-Kimble-
first-squeezed-
light-

Prototype-
squeezed'light-
GW-detectors-
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Nature Physics 4, 472 (2008)  

Squeezed-light GW detector 

related work from ANU, Hanover 
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GEO 600 sensitivity boost 

N.Phys-2011-
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GEO 600 sensitivity boost 

N.Phot-2013-
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GEO 600 sensitivity boost 

N.Phys-2011-



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-

Quantum-Enhanced s 

In physics, quantum-enhanced sensing is a component of 
quantum metrology, the study and use of quantum physics in 
metrology.  Quantum-enhanced sensing employs squeezing, 
entanglement, and other quantum effects to improve the 
sensitivity of measurements. 
 

 Contents [hide] 
 
1 History 
2 Standard theoretical model 
3 Main experimental systems 

3.1 Optical interferometers 
3.2 Atomic ensembles 

3.2.1 Cold atoms 
3.2.2 Hot atoms 

4 Advantageous quantum states 
4.1 Squeezed states 

4.1.1 Exotic squeezed states 
4.2 NooN states 

5 Considerations beyond the standard model 
5.1 Nonlinear sensing 
5.2 Gentle sensing 

 

History [edit] 
Some Greek philosophers of antiquity, among them Aristotle,!

Quantum-Enhanced Sensing 

Quantum metrology 

Fisher'Informa.on'

Diagram-of-a-squeezing-
trace-(green),-showing-
noise-below-the-standard-
quantum-limit-(black)-

 Contents [hide] 
1 History 
2 Standard theoretical model 
3 Main experimental systems 

3.1 Optical interferometers 
3.2 Atomic ensembles 

3.2.1 Cold atoms 
3.2.2 Hot atoms 

4 Advantageous quantum states 
4.1 Squeezed states 

4.1.1 Exotic squeezed states 
4.2 NooN states 

5 Considerations beyond the standard model 
5.1 Nonlinear sensing 
5.2 Gentle sensing 

6 Open Questions 



GRAVITATIONAL 
WAVE 

DETECTION 



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-

Gravitational wave detectors 

4km 

3km 

VIRGO (Italy) 

LIGO (USA) 

GEO (Germany) 
TAMA (Japan) 
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Shot noise 
radiation 
pressure 

thermal  
noise 

seismic  
noise 
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Gravitational waves from black holes 
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Gravitational wave detection 
Search for gravitational waves from binary black hole inspiral, 
merger and ringdown. Phys. Rev. D 83, 122005 (2011) 

LIGO + VIRGO 
25-M�-x-25-M�-@-100-Mpc-
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STANDARD 
THEORETICAL 
FORMULATION 
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Formalization of quantum metrology 

Science,-2004-
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Formalization of quantum metrology 

2011-
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Formalization of quantum metrology-

Quantum 
measurement 

B = ? 

Unknown classical 
parameter 

Initial quantum 
state Quantum 

system 

Final quantum 
state 

Interaction with 
world 
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Contemporary-Quantum-Metrology-

Quantum 
measurement 

B = ? 

INITIAL Quantum 
STATE 

FINAL Quantum 
STATE 

])([)( iABTrBiP ρ=

Outcomes 
 
POVM elements 
 
Outcome probabilities 
 
 
 

iA

Ni …1=

)0(ρ )(Bρ

e.g. Maximum 
likelihood 

Estimator 
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Contemporary-Quantum-Metrology-

Classical Fisher Information:   
 

•  Cramer-Rao Bound:   
•  Additive 

Quantum Fisher Information:   
(info available in the state) 
 
 
 

•  Quantum Cramer-Rao bound:   

e.g. Maximum likelihood Estimator Outcomes 

Braunstein and Caves PRL 1994 “Statistical Distance and the Geometry of Quantum States” 
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Provable-results-in-phase-es@ma@on-

Given an N-qubit state   
 
 
 
subject to a unitary evolution 
 
 
 
 
 
 
 
 
Fisher information is upper bounded by  
 
 
asymptotic uncertainty 

separable any 
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Provable-results-in-phase-es@ma@on-

Given an N-photon two-mode state   
 
 
 
subject to a unitary evolution 
 
 
 
 
 
 
 
 
Fisher information is upper bounded by  
 
 
asymptotic uncertainty 

separable any 

a-

b-
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Say-something-about-scaling-

asymptotic uncertainty 

shot-noise limit “Heisenberg 
limit” 



FISHER 
INFORMATION 
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HISTORICAL 
ANALOGY 
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Metaphor-

Mongol Empire:  33 million km2 

Kublai Khan 1215-1294 
Mongol Emperor 1260-1294 
grandson of Genghis Kahn 
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Metaphor-

Ambassador in Burma, India, many 
parts of China 

Marco Polo 
Venetian merchant 

Kublai Khan 1215-1294 
Mongol Emperor 1260-1294 
grandson of Genghis Kahn 
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Metaphor-

It is not that Kublai Khan believed all the 
things that Marco Polo told him… but the  
Emperor did listen to the young Venetian 
with more curiosity and attention than to 
his other ambassadors. 
 

 - Italo Calvino �Invisible Cities� 

"It is so strong that it will 
seize an elephant in its 
talons and carry him high 
into the air, and drop him so 
that he is smashed to 
pieces; having so killed him 
the bird gryphon swoops 
down on him and eats him 
at leisure." 
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Quantum-Metrology-

Quantum 
measurement 

B = ? 

Unknown classical 
parameter 

Initial quantum 
state Quantum 

system 

Final quantum 
state 

Interaction with 
world 



ATOMIC 
SENSING 
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atomic clock optical magnetometers atomic gravimeter 

Atom-interferometers-



OPTICAL 
MAGNETOMETRY 
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Atomic-magnetometers-are-best'in'class-sensors-

3 
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HALL PROBE 

MAG FORCE 

1 mT/Hz1/2 

1 µT/Hz1/2 

1 nT/Hz1/2 

1 pT/Hz1/2 

1 fT/Hz1/2 

10 mm 1 µm 100 µm 10 nm 

1"3.%Kirtley%et%al.%Appl.%Phys.%Lett.,%66%1138%(1995)%
4.%Wildermuth,%et%al.%Nature%435%440%(2005)%
5.%Aigner%et%al.%Science%319'1226%(2008)%
6.%Vengalattore%et%al.%PRL%98,%200801%(2007)%
7"9.%Fong%et%al.%Rev.%Sci.%Instrum.%76,%053703%(2005)%
10.%Griffith%et%al%Opt.%Express%18%27167%(2010)%
11.%Kominis,%et%al%Nature,%422%596%(2003)%

12.%Dang%et%al.%Appl.%Phys.%Lett.%97%151110%(2010)%
13.%Koschorreck%et%al.%Appl.%Phys.%Lett.%98%074101%(2011)%
14.%Sewell%et%al.%Phys.%Rev.%Lett.%109,%253605%(2012)%
15.%Behbood%et%al.%Appl.%Phys.%Lett.%102%173504%(2013)%
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sensitivity 

spatial resolution 
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Optical magnetometer 

φ 

collec@ve-spin--

F-=--∑i-f(i)-
Z 

Y 

X 
Individual-spins--

f(i)-

B-field Faraday rotation 

Stokes-operators 



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-

Faraday rotation optical magnetometer 

φ 

collec@ve-spin--

F-=--∑i-f(i)-
Z 

Y 

X 
Individual-spins--

f(i)-

B-field Faraday rotation 
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Cranial magnetism-

Video:  Elekta-Neuromag 



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-

magnetometers-detect-mental-events-

Lucy-macGregor,-et-al.-“Ultra'rapid-access-to-words-in-the-brain,”-Nature'Comm.-2012-

“boat”-

“boak”-

“joke”-

“jote”-

words:-

pseudo'-
words:-
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magnetometers-detect-mental-events-

+-U.-Wisconsin-
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magnetometers-detect-mental-events-



SQUEEZED LIGHT 
MAGNETOMETRY 
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Squeezed'light-magnetometer-
External cavity diode laser   
795 nm (Rb D1 line) 

Shot-noise limited 
balanced polarimeter 

PPKTP OPO 
cavity bandwidth 8 MHz 
Parametric gain 4.6 

Quantum 
noise lock 

V- L,R- 45,-'45-

φH-
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Prototype-op@cal-magnetometer-

87Rb cell 

~ 
AR AR 

� 

F’=2 
F’=1 

F=2 
F=1 

87Rb 

5P1/2 

5S1/2 6.8 GHz 

0.8 GHz 
0.7 GHz 87Rb purity  > 99% 

Temperature:      21° 
Atomic state:  thermal 
Buffer gas:  none 
Cell coating:  none 
Optical losses:  4% 
Probe power:  620 µW 
Probe waist:  950 µm  

HWP 

PBS Input polarization 

atomic sensor 

FZ 

FY 

FX 

Spectrum 
analyzer 

2 10^-6 Torr = 7 x 1010 cm-3 
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Improved-SNR-with-squeezing-

3.2 dB 

polarized probe 

squeezed probe 

Wolfgramm, Cerè, Beduini, Predojević, Koschorreck, MWM Phys. Rev. Lett. 105, 053601 (2010)  

squeezer OFF 

squeezer ON 

3.6 dB 
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Another-squeezed'light-magnetometer-

Horrom,-Singh,-Dowling-and-Mikhailov-PRA-(2012) 



OPEN 
QUESTION 
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Another-squeezed'light-magnetometer-

Horrom,-Singh,-Dowling-and-Mikhailov-PRA-(2012) 



SYSTEM: HOT 
ATOMS 
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Another-squeezed'light-magnetometer-

Is-this-a-“quantum-science-implementa@on”-?--
-
Vapor-cell-

High-density-!-signal-",-collisions-"/#-
High-temperature-!Doppler-shins-#,-thermal-state-#-

-
Op@cal-quantum-noise-

Beam-shape-
-

Atomic-quantum-noise-
Mul@'level-system-
Diffuse-in/out-of-beam-
-

Magnetometer-func@oning-
Modula@on-strategies-
Sensi@vity-/-dynamic-range-/-bandwidth-
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Toward-a-record-sensi@vity-with-squeezing-

AOM

spectrum 
analizer

lock-in

steering &
aquisition

polarimeter

laser
pump

probe

Rb
AOM P

P

λ/2

λ/2

WP

magnetic
shielding

z

yx

waveform 
generator RF

RF

SAS

current
sources

Gawlik-group,-Krakow-

85Rb-
room-temp-
10-cm-diameter-
an@'relaxa@on-coa@ng-
box-solenoid-
4'layer-shielding-
D1-line-
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Toward-a-record-sensi@vity-with-squeezing-
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Toward-a-record-sensi@vity-with-squeezing-
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SYSTEM: COLD 
ATOMS 
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Faraday rotation optical magnetometer 

φ 

collec@ve-spin--

F-=--∑i-f(i)-
Z 

Y 

X 
Individual-spins--

f(i)-

B-field Faraday rotation 

[Fx,Fy]-=-i-Fz-

δFx-δFz-≥-½-|<Fy>|-

and-cycl.-permuta@ons 

coherent-
spin-state 

FX-

FY-

FZ- standard-quantum-limit-
(F=1) 
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Cold atom magnetometer 
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Quantum interface with cold 87Rb ensemble 

1 effective OD > 50!
2 Sensitivity 512 spins, < SQL!
3 QND measurement!
4  spin squeezing!

1 Kubasik, et al. PRA 79, 043815 (2009)!
2 Koschorreck, et al. PRL (2010) !
3 Koschorreck, et al. PRL (2010),!
   Sewell, et al. N. Phot. (2013)!
4 Sewell, et al. arXiv (2011) !
!

1µs long pulses!
linearly polarized!

“mode matched” to atoms!
0.7 GHz from D2 line!

!
~106 87Rb atoms at 25µK!

f=1 ground-state!

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!



SQUEEZING BY 
QUANTUM NON-

DEMOLITION 
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Faraday rotation optical magnetometer 

φ 

collec@ve-spin--

F-=--∑i-f(i)-
Z 

Y 

X 
Individual-spins--

f(i)-

B-field Faraday rotation 

[Fx,Fy]-=-i-Fz-

δFx-δFz-≥-½-|<Fy>|-

and-cycl.-permuta@ons 

squeezed--
spin-state 

coherent-
spin-state 

FX-

FY-

FZ-

FX-

FY-

FZ-
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QND in optical magnetometer 

φ 

System-
(atoms)-

B-field Faraday rotation 

Meter-
(light)-

ΔN=Δ(NL-NR) 

φ 
Δφ 

Δφ 

FX-

FY-

FZ- ac@on-+-

FX-

FY-

FZ-

FX-

FY-

FZ-
back'-
ac@on-

measurement-

∝ Δφ 
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QND in optical magnetometer 

φ 

System-
(atoms)-

B-field Faraday rotation 

Meter-
(light)-φ 

Δφ 

Δφ 

ΔN=Δ(NL-NR) 
FX-

FY-

FZ-
back'-
ac@on-

FX-

FY-

FZ- ac@on-+-

FX-

FY-

FZ-

measurement-

∝ Δφ 
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Measurement'induced-squeezing-

Prep 

Evolve 

€ 

⇒

€ 

⇒
Evolve 

Measure Measure Measure 
€ 

⇒
Etc. 

Kuzmich, Mabuchi, Polzik, Vuletic, Takahashi, Thompson 

X 

Z 

Y 

Clocks 
Magnetometer 

Other 

Proposal 

F=4 
133Cs 

J=1/2 J=1/2 J=1/2 

I=1/2 

171Yb 

F=1/2 
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To-boldly-go-where-others-have-gone-before-
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Quantum interface with cold 87Rb ensemble 

1 effective OD > 50!
2 Sensitivity 512 spins, < SQL!
3 QND measurement!
4  spin squeezing!

1 Kubasik, et al. PRA 79, 043815 (2009)!
2 Koschorreck, et al. PRL (2010) !
3 Koschorreck, et al. PRL (2010),!
   + Sewell, et al. N. Phot. (2013)!
4 Sewell, et al. PRL (2012) !
!

1µs long pulses!
linearly polarized!

“mode matched” to atoms!
0.7 GHz from D2 line!

!
~106 87Rb atoms at 25µK!

f=1 ground-state!

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!
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Measurement'induced-squeezing-

Prep 

Evolve 

€ 

⇒

€ 

⇒
Evolve 

Measure Measure Measure 
€ 

⇒
Etc. 

X 

Z 

Y 
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Squeezing of spin alignment-orientation 

JX-(spins)-

var-Kθ-

squeezing-of-
alignment'orienta@on-
variable-Kθ-

Sewell et al. PRL 109, 253605 (2012)  
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J X
 

J X
 

JX 

Measurement sequence 

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!

probe:   2 us 
precession:  5 us 
detuning:  600 MHz 

squeeze- precess- readout-
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Squeezed-atom magnetometry 

JX-(spins)-

var-Kθ-

JX-(spins)-

spin-proj.-noise
-

60-pT/√Hz-

Sewell et al. PRL 109, 253605 (2012)  



EXOTIC 
SQUEEZED 

STATES 
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Spin squeezing is different than light squeezing 

PlanarSqueezedStates8.png Monday, 29 October 2012

Page 1
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Planar-squeezed-states-
PlanarSqueezedStates8.png Monday, 29 October 2012

Page 1

coherent-
spin-state- squeezed-

R.-Sewell-PRL-2012-

planar-squeezed-state-
G.-Puentes-et-al.-NJP-2013-
G.-Colangelo-et-al.-NJP-2013-

Optical: Korolkova, Leuch, Schnabel, Bachor, Lam 
Atomic: He, Peng, Drummond and Reid PRA 2011  

He, Vaughan, Drummond and Reid NJP 2012 
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Planar squeezed states 

G.-Puentes-et-al.-NJP-2013 -G.-Colangelo-et-al.-NJP-2013-
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G.-Toth,-MWM,-NJP-12-053007-(2010)-
Phys.-Rev.-A-87,-021601(R)-(2013)-

Beyond-planar-squeezing-

Fx

Fy

Fz

macroscopic-
spin-singlet-

PlanarSqueezedStates8.png Monday, 29 October 2012

Page 1

coherent-
spin-state- squeezed-

R.-Sewell-PRL-2012-

planar-squeezed-state-
G.-Puentes-et-al.-NJP-2013-
G.-Colangelo-et-al.-NJP-2013-
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Measurement'based-spin-entanglement-

Fx

Fy

Fz

macroscopic-
spin-singlet-

spin squeezing 
parameter 

condition for 
squeezing 

number of atoms in 
singlets 

NJP-12,-053007-(2010)-
PRA-87,-021601(R)-(2013)-
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Measurement'induced-squeezing-in-3D-

angle  
� FZ 

measure- measure- measure-

repeat-

arXiv:1403.1964-(2014)-
to-appear-in-PRL 
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Vector-non'demoli@on-measurements-

first vector measurement second vector measurement 
arXiv:1403.1964-(2014)-

to-appear-in-PRL 
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Quan@fying-squeezing-by-condi@onal-variance-

|ΔF|2  (1st measurement) 

|ΔF|2  (2nd measurement) 

conditional variance 

standard quantum limit 

3dB-

arXiv:1403.1964-(2014)-
to-appear-in-PRL 
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NOON States 

Science 2010 

φ#
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NooN interferometry 

Classical light / Independent single 
photons 

Standard quantum limit 

Heisenberg limit NOON states 
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NooN-states-probing-of-an-atomic-Faraday-rotator-
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Spectral-mismatch-

~ 100 GHz 

~ 10 MHz 

Challenge: SPDC spectrum doesn’t match 
atomic spectrum. 
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* =

Cavity'enhanced-SPDC-

NOON-states-from-cavity'enhanced-down'
conversion:-high-quality-and-super'resolu@on--

F.-Wolfgramm,-et-al.-JOSA-B-(2010)--

Bright-filter'free-source-of-indis@nguishable-photon-pairs--
F.-Wolfgramm,-et-al.-Opt.-Express-(2008)--
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* =

Selec@ng-single-mode-with-filter-

Atom'resonant-heralded-single-
photons-by-interac@on'free-

measurement--
F.-Wolfgramm,-et-al.-PRL-(2011)-

Narrowband-tunable-filter-based-
on-velocity'selec@ve-op@cal-
pumping-in-an-atomic-vapor--

A.-Cerè,--et-al.-Opt.-Le�.-(2009)-

Ultra'narrow-Faraday-rota@on-
filter-at-the-Rb-D1-line--

Joanna-A.-Zielińska-et-al.-Opt.-
Le�.-(2012)-
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Atomic
reference

APD 1

APD 2

APD 1

APD 2

APD 1

APD 2

87

85Rb purity: > 99% 
Temperature:  70° 
Atomic state:  thermal 
Buffer gas:  none 
Optical losses:  10% 
Magnetic field:  0 to 50 mT 

87Rb purity: > 99% 
Temperature:  70° 
Line-width   80 MHz FWHM 
Filter efficiency:  14% 
Exinction ratio:  > 104 

Pumping:   D2 Laser wavelength:   794.7 nm 
Cavity bandwidth:   7 MHz 
FSR    490 MHz 
Finesse:    70 
Phase-matching:   Type II 
Nonlinear crystal:   PPKTP 
Compensation crystal:   KTP 
Pump power:   200 uW 
Brightness    ~1000 pairs/s 
NOON Fidelity   99% 

Narrowband-entangled'photon-technology-

NOON-states-from-cavity'enhanced-down'conversion:-
high-quality-and-super'resolu@on--

F.-Wolfgramm,-et-al.-JOSA-B-(2010)--

Bright-filter'free-source-of-indis@nguishable-photon-pairs--
F.-Wolfgramm,-et-al.-Opt.-Express-(2008)--

Narrowband-tunable-filter-based-on-velocity'-
selec@ve-op@cal-pumping-in-an-atomic-vapor--

A.-Cerè,--et-al.-Opt.-Le�.-(2009)-
-

Atom'resonant-heralded-single-photons-by-
interac@on'free-measurement--

F.-Wolfgramm,-et-al.-PRL-106,-053602-(2011)-

Cavity'enhanced-Type'II-SPDC-source-

Doppler'free-circular'dichroism-atomic-filter-
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Atomic-vapor-as-a-B'field'dependent-wave'plate-

20 40 60 80 100
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B-field (mT) 

85Rb 

87Rb 

σ- σ+ 

Atomic energies vs. field 

F=2 

F=1 

F=2 
F=3 

5P1/2 energy 
(GHz) 

5S1/2 energy 
(GHz) 

probe 
σ- σ+ 

First-principles model 
+ measured: Temp, Isotope 
fraction, Field calibration 
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Spectroscopic characterization 
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Atomic-vapor-as-a-B'field'dependent-wave'plate-

Rb'85-σ+--

Rb'85-σ'--

Rb'87-σ+--

Rb'87-σ'--

Field-strength-(mT)-

2π-or-180°-

σ' 

Field- -(mT)-

σ+ 

optical transformation  
performed by atoms 
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Projective 
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state 
tomography 

90% fidelity NooN 
88% purity 
98% triplet 

State-tomography-by-Faraday-rota@on-
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in 1980: 
photons are expensive 

Origins of quantum metrology 

PRD-1981--

“standard model” of Q. metrology 
number as limiting resource 
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Path of technology development in Q. Metrology 

GEO600-
Advanced-LIGO-
Advanced-VIRGO-
-

1981- 2011'2015-

Caves-proposes-
squeezing-for-GW-
interferometry-

1985- 2000s-

Slusher,-Kimble-
first-squeezed-
light-

Prototype-
squeezed'light-
GW-detectors-

2x-laser-power 3dB-of-squeezing- 

30-years 
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GEO 600 sensitivity boost 
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85Rb purity: > 99% 
Temperature:  70° 
Atomic state:  thermal 
Buffer gas:  none 
Optical losses:  10% 
Magnetic field:  0 to 50 mT 

87Rb purity: > 99% 
Temperature:  70° 
Line-width   80 MHz FWHM 
Filter efficiency:  14% 
Exinction ratio:  > 104 

Pumping:   D2 Laser wavelength:   794.7 nm 
Cavity bandwidth:   7 MHz 
FSR    490 MHz 
Finesse:    70 
Phase-matching:   Type II 
Nonlinear crystal:   PPKTP 
Compensation crystal:   KTP 
Pump power:   200 uW 
Brightness    ~1000 pairs/s 
NOON Fidelity   99% 

Narrowband-entangled'photon-technology-

NOON-states-from-cavity'enhanced-down'conversion:-
high-quality-and-super'resolu@on--

F.-Wolfgramm,-et-al.-JOSA-B-(2010)--

Bright-filter'free-source-of-indis@nguishable-photon-pairs--
F.-Wolfgramm,-et-al.-Opt.-Express-(2008)--

Narrowband-tunable-filter-based-on-velocity'-
selec@ve-op@cal-pumping-in-an-atomic-vapor--

A.-Cerè,--et-al.-Opt.-Le�.-(2009)-
-

Atom'resonant-heralded-single-photons-by-
interac@on'free-measurement--

F.-Wolfgramm,-et-al.-PRL-106,-053602-(2011)-
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Fisher-informa@on-:-informa@on-gained-
-
-
-
-
-
-
Number-of-photons-sca�ered-:-damage-
-
-
-
-
-
Figure-of-merit-:--informa@on-/-damage-
-

σ' 

Field- -(mT)-

σ+ 

Quantifying performance 
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Quantum-limited non-destructive probing 
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What are NooN states good for ? (2002) 

trs-new.jpl.nasa.gov/dspace/bitstream/2014/13607/1/01-2819.pdf 
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What are NooN states good for ? 
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Quantum-limited non-destructive probing 

Schrodinger’s cat has a light touch 
 
Researchers in Barcelona beat the standard quantum 
limit for gentle measurements 
 
In this week’s Nature Photonics, researchers at the Institute 
of Photonic Sciences (ICFO) report the first use of quantum 
entanglement to make an ultra-gentle measurement. Florian 
Wolfgramm and co-workers measured the magnetic field 
inside a diffuse cloud of rubidium atoms by probing the cloud 
with pairs of polarization-entangled photons.  
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input state transformation detection + + 
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Metrological-proper@es-

Field&strength&(mT)
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fixed, linear single photon 

Fisher-Informa@on-per-input-photon-

optimal single photon 
(SQL) 

FI contributions 
with NooN input 

SQL: best possible with classical resources (optimal single photon 
input + optimal POVM detection). 
 
SQL includes field-dependent absorption effects. 
 
NooN state beats SQL by 30 ± 5% 
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optimal single photon 
(SQL) 

FI contributions 
with NooN input 

Figure of merit:  Fisher information per damage to the 85Rb spin 
ensemble. 
 
NooN state beats SQL by 23 ± 4%   

fixed, linear single photon 



NONLINEAR 
SENSING 



Quantum-Science-Implementa@ons,-Benasque,-17-July-2014- Morgan-W.-Mitchell,-ICFO-
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Nonlinear metrology versus the Heisenberg limit 

PRL-2008-

PLA-2004-

PRL-2007-

PRA-2005-

PRL-2008-

NJP-2008-
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Boixo et al. model confirmed 

NOON States 

“Interac@on'based-quantum-metrology-showing-scaling-beyond-the-Heisenberg-
limit.”-Napolitano-et-al.--Nature-2011-

Photon number NL 
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The resulting chaos 

PRA-2012-

PRX-2012-

PRL-2010-
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Revising our ambitions 

N.-Comms-2012-

N.-Phys-2011-
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Real-world non-linear interferometers 

Nature,-2010-

Nature,-2003-
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Nonlinear magneto-optic rotation 

PRL 2010 

PRL 2000 

alignment-jX- orienta@on-fZ-

JAP 2008 
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Light-atom interactions 

vector- tensor- magne@c-

JX 
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Faraday-
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Alignment-to-orientation conversion 

precession-

s@mulated-Raman-
aka-AOC-

SXJX'
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Linear-to-Elliptical (LTE) readout 
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Quantum interface with cold 87Rb ensemble 

1 effective OD > 50!
2 Sensitivity 512 spins, < SQL!
3 QND measurement!
4  spin squeezing!

1 Kubasik, et al. PRA 79, 043815 (2009)!
2 Koschorreck, et al. PRL (2010) !
3 Koschorreck, et al. PRL (2010),!
   Sewell, et al. N. Phot. (2013)!
4 Sewell, et al. arXiv (2011) !
!

1µs long pulses!
linearly polarized!

“mode matched” to atoms!
0.7 GHz from D2 line!

!
~106 87Rb atoms at 25µK!

f=1 ground-state!

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!
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Experimental sequence and signal 
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x-20-
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measurement 
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AOC beats the best linear measurement 

Sewell et al. arXiv:1310.5889 to appear in PRX 



SQUEEZED-ATOM 
MAGNETOMETER 
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Faraday rotation optical magnetometer 

φ 

collec@ve-spin--

F-=--∑i-f(i)-
Z 

Y 

X 
Individual-spins--

f(i)-

B-field Faraday rotation 

[Fx,Fy]-=-i-Fz-

δFx-δFz-≥-½-|<Fy>|-

and-cycl.-permuta@ons 

squeezed--
spin-state 

coherent-
spin-state 

FX-

FY-

FZ-

FX-

FY-

FZ-
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QND in optical magnetometer 

φ 

System-
(atoms)-

B-field Faraday rotation 

Meter-
(light)-

ΔN=Δ(NL-NR) 

φ 
Δφ 

Δφ 

FX-

FY-

FZ- ac@on-+-

FX-

FY-

FZ-

FX-

FY-

FZ-
back'-
ac@on-

measurement-

∝ Δφ 
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QND in optical magnetometer 

φ 

System-
(atoms)-

B-field Faraday rotation 

Meter-
(light)-φ 

Δφ 

Δφ 

ΔN=Δ(NL-NR) 
FX-

FY-

FZ-
back'-
ac@on-

FX-

FY-

FZ- ac@on-+-

FX-

FY-

FZ-

measurement-

∝ Δφ 
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Measurement'induced-squeezing-

Prep 

Evolve 

€ 

⇒

€ 

⇒
Evolve 

Measure Measure Measure 
€ 

⇒
Etc. 

Kuzmich, Mabuchi, Polzik, Vuletic, Takahashi, Thompson 

X 

Z 

Y 

Clocks 
Magnetometer 

Other 

Proposal 

F=4 
133Cs 

J=1/2 J=1/2 J=1/2 

I=1/2 

171Yb 

F=1/2 
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To-boldly-go-where-others-have-gone-before-
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Quantum interface with cold 87Rb ensemble 

1 effective OD > 50!
2 Sensitivity 512 spins, < SQL!
3 QND measurement!
4  spin squeezing!

1 Kubasik, et al. PRA 79, 043815 (2009)!
2 Koschorreck, et al. PRL (2010) !
3 Koschorreck, et al. PRL (2010),!
   + Sewell, et al. N. Phot. (2013)!
4 Sewell, et al. PRL (2012) !
!

1µs long pulses!
linearly polarized!

“mode matched” to atoms!
0.7 GHz from D2 line!

!
~106 87Rb atoms at 25µK!

f=1 ground-state!

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!
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Measurement'induced-squeezing-

Prep 

Evolve 

€ 

⇒

€ 

⇒
Evolve 

Measure Measure Measure 
€ 

⇒
Etc. 

X 

Z 

Y 
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Squeezing of spin alignment-orientation 

JX-(spins)-

var-Kθ-

squeezing-of-
alignment'orienta@on-
variable-Kθ-

Sewell et al. PRL 109, 253605 (2012)  
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J X
 

J X
 

JX 

Measurement sequence 

image / pump Jx!

probe !
87Rb atoms !

y !

z !
polarimeter!

SY!

optical dipole trap!

probe:   2 us 
precession:  5 us 
detuning:  600 MHz 

squeeze- precess- readout-
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Squeezed-atom magnetometry 

JX-(spins)-

var-Kθ-

JX-(spins)-

spin-proj.-noise
-

60-pT/√Hz-

Sewell et al. PRL 109, 253605 (2012)  


