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Superposition principle of light and matter waves

Light and matter-wave interference
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Large Momentum  
Transfer

Long coherence  
timesLarge phase  

resolution

The Mach-Zehnder atom interferometer
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Large momentum transfer and coherence time
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Approaching the shot noise limit

Total systematic uncertainty: 92 ppm 
Statistical uncertainty: 116 ppm

Projection noise: Standard Quantum Limit (SQL) or shot noise
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Heisenberg limit: Requires correlations

Entanglement and!
Spin Squeezing

Spin Squeezing !
in Optical Cavities

Cavity feedback,!
one-axis twisting

Measurement-!
induced

Overcoming the Standard Quantum Limit



Atoms and photons in a box

�

|gi

|ei

Resonance frequency: 
Decay rate:
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Decay rate:
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Single-atom cooperativity:
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Ratio of photons scattered into the  
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Raman scattering
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Absorption
Spontaneous emission

Rayleigh scattering
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Adds spin noise 
Causes decoherence Causes decoherence

Normalized variance increase:
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After one scattered photon

Contrast loss:
C2 = e�2nsc

Free space scattering
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Squeezing by one-axis twisting

H = ~�S2
zOne-axis twisting Hamiltonian:

Cavity shift due to atomic index of refraction:
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Shearing strength:

Normalized variance:
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M.H. Schleier-Smith et al.,  
PRA 81, 021804(R) (2010)
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Measurement result State compatible with measurement!
result

2-1/2 spins:
S = s1 + s2
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S = 0 S = 1

m = +1

m = 0

m = �1

Atom 1 is spin up and !
atom 2 is spin down
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(|S = 0,m = 0i+ |S = 1,m = 0i)

One atom is spin up and !
the other one is spin down
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Collective measurements and entanglement



Attainable measurement-induced spin squeezing (on resonance)

Normal mode splitting measured through the transmitted photon phase shift:
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Maximum signal and phase sensitivity!
at the two transmission peaks
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measurement!
imprecision

Raman!
noise

Contrast!
loss

Normalized spin variance at the photon shot noise level:

nsc :number of free-space 
scattered photons  
per atom

↵ : fraction of Raman 
scattered photons
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Demonstrated 20 dB improvement over the SQL: Hosten et al., !
Nature 529, 505-508 (2016)



Comparison of resonant and dispersive detection

On resonance:
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Dispersive detection:
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Convenient in the bad cavity regime 
Raman scattering suppressed or 

strongly reduced
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Convenient in the good cavity regime 
Possible strong contribution from 

Raman scattering
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Dispersive detection of momentum states
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!2 � !1 = 2� = 2⇡n⇥ 28.6 kHz



Attainable squeezing of momentum states

(�N)2

N
=


La(�)[1 +N⌘La(�)/2]2

4N⌘nsc[Ld(�)]2
+

4

3
↵nsc

�
e2nsc

La(�) =
�2

�2 + 4�2
Ld(�) = � 2��

�2 + 4�2

Absorption and dispersion profiles

10 20 30 40 50 n

-20

-10

0

10

20

30
xmHdBL

N⌘ = 103

N⌘ = 104
N⌘ = 105



Cavity setup for free space atom interferometer

Homogeneous coupling with running 
waves 

Atoms free to exit the cavity volume 
Possible interferometer inside the cavity 
Bragg beams in free space or in the cavity  

mode

Challenge: required ultracold atoms:!
< 100 nK



Atom-cavity interaction can induce spin squeezing for atom interferometers!
!

Dispersive and resonant detection appear both very promising!
!

The unique properties of the intercombination line in strontium allows to !
detect momentum states!
!

Required large momentum transfer and homogeneous coupling !
i.e. ultracold atomic sample!
!

Possible 100-fold improvement over the standard quantum limit.

Conclusions


