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Outline 

 In this talk, I will illustrate the potential of quantum sensors 

and key techniques for future sensor architectures. 

• Motivations for high precision inertial sensors (brief) 

• The cold atom gyroscope experiment at SYRTE 

• Dead times in quantum sensors 

• Gyroscope stability 

• Reaching the quantum noise limit 
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Applications of cold atom inertial sensors 

• Inertial navigation : onboard accelerometers or gyroscopes 

• Geosciences: monitoring global phenomena (e.g. 𝛺𝐸𝑎𝑟𝑡ℎ(𝑡), 𝑔 (𝑡)) 

• Fundamental physics (e.g. test of the equivalence principle) 

• Low frequency gravitational wave detection (< 10 Hz) 

Canuel et al, PRL (2006) 
Geiger et al, Nature Comm. (2011) 

Fang et al, arXiv:1601.06082 
Freier et al, arXiv:1512.05660 

Dimopoulos et al, PRD (2008) 
Chaibi et al, 2016 PRD (2016) 

Zhou et al, PRL (2015) 
Aguilera, CQG (2014) 
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• The cold atom gyroscope experiment at SYRTE 

• Dead times in quantum sensors 

• Gyroscope stability 
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4-light pulse atom interferometer 

B. Canuel et al., PRL 97, 010402 (2006) 
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4-light pulse gyroscope 
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800 ms interrogation time  𝟏𝟏 𝒄𝒎𝟐 Sagnac area  

1 𝑟𝑎𝑑. 𝑠−1 rotation signal  5 × 106 𝑟𝑎𝑑 phase shift in the AI ! 

Sensitivity of the gyroscope 
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The SYRTE cold atom gyroscope 

I. Dutta, PhD Thesis 

• 4 × 107 Cs atoms @ 1.2 µK launched 

vertically at 5 𝑚. 𝑠−1  

• Vibration isolation (> 0.4 Hz) 

• Relative alignement of the beams @ 5 µrad 

• Ability to measure without dead times.  
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Dead times in quantum sensors 

• Sequential operation of cold atom interferometers 

Cooling AI Detection Cooling AI Detection 

Cycle time 𝑇𝑐 

Dead time 𝑇𝐷 

… 

What we know from clocks: 

Dead times  local oscillator noise aliasing (Dick effect)  need better oscillator 

Same in cold atom inertial sensors  need better inertial reference 
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Dead times : a problem in many applications 

1. Inertial navigation 

Dead times  loss of information  navigation error (Jekeli, 2005) 

3. Gravitational wave detection 

Sequential operation with dead times  noise aliasing  

 problem for GW detection in the ∼ 1 − 10 𝐻𝑧 frequency band 

2. Geosciences 

Dead times  loss of information for rapidly varying signals 

e.g. Problem for rotational seismology (Schreiber et al, Rev. Sci. Inst. 2013 ) 

 Dead times prevent from benefiting from the full potential of AIs. 
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Continuous (zero dead time) sensor 

Joint interrogation scheme: prepare the cold atoms and operate the AI in parallel 

Meunier and Dutta et al. 

PRA 90, 063633 (2014) 
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Vibrations 

In our atom interferometer with 800 ms interrogation time: 

• Sensitivity to AC accelerations (around few Hz):  

1 𝑚. 𝑠−2 → 1 × 106 𝑟𝑎𝑑 phase fluctuations 

• Sensitivity to rotations:  

1 𝑟𝑎𝑑. 𝑠−1  5 × 106 𝑟𝑎𝑑 fluctuations 

 Need to handle this problem seriously 

Very sensitive interferometer  very sensitive to vibration noise… 

fundamental problem (comes from the Equivalence Principle) 

it is possible to reduce it in some applications (differential 

measurements)… but not in others (accelerometers, gyroscopes) 
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Rejection of vibration noise 

Mechanical 
accelerometers 

Vibration isolation platform 

Accelerometer 
data 

Computed 
phase 

Sensitivity 
function 

Sensor hybridization pioneered at SYRTE : 

Merlet et al., Metrologia 46, 87–94 (2009) 

AI output 

correlate 
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Rejection of vibration noise 

Correlation of the AI with the mechanical accelerometers: 

SNR limited by detection noise 
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Rotation rate measurement 

1. Divide the data set in packets of 20 points and fit  offset phase 
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Rotation rate measurement 

1. Divide the data set in packets of 20 points and fit  

2. Remove contributions from the light shifts by alternating ±𝑘𝑒𝑓𝑓 

 Rotation signal 𝛿Ω 

 stability ? 



Gyroscope Stability 

Short term: 100 𝑛𝑟𝑎𝑑. 𝑠−1/ 𝐻𝑧 (limited by detection noise) 

Long term: 1 𝑛𝑟𝑎𝑑. 𝑠−1 

> 20-fold improvement compared to previous results Gauguet et al, PRA 2009 
Berg et al, PRL 2015 
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Improved stability 

1. Real-time compensation of vibration 

 Phase jump applied on the Raman 

laser phase just before the last pulse 

Hybrid gravimeter: Lautier et al, Applied Phys. Lett. 105 144102 (2014) 

2. Midfringe Lock 

 Operate at best sensitivity 
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Improved stability (July 2016) 

0.5 nrad.s-1 stability 
as of July 2016 

Fringe fit 
Real-time compensation 
and mid-fringe lock 
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Vibration noise aliasing 

Very sensitive interferometer  more sensitive to vibrations  

we would prefer to be quantum noise limited 

 Try to find a way to average faster the vibration noise 

Correlate successive measurements to change the noise scaling: 

𝜎 𝜏 ∼ 1/ 𝜏      𝜎 𝜏 ∼ 1/𝜏 
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Efficient averaging of the noise 

What we would like looks like that: 



Efficient noise averaging 

Ω =
θ4 − θ1

2𝑇
 f =

Φ2 − Φ1

2π𝑇
 

Gryoscope Fountain Clock 

Inertial Noise in Gyro 

= 
Local Oscillator Noise in Clock  

Classical 
Trajectory 

4 Pulse 2 Pulse 

θ1 

Ω 

θ4 Φ2 Φ1 

H1 

H2 

Co-propagating 
pulses 

Counter-propagating  
pulses 

Proof of principle with a 2-light pulse interferometer 



26 Similar 1/𝜏 scaling observed for interleaved clocks (2 different clocks) : Biedermann et al, PRL (2013) 

Normal 
Joint 
Detection noise 

Meunier and Dutta et al. PRA 90, 063633 (2014) 

Efficient noise averaging 
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Mutliple joint sequence 

• Up to 5 clouds in the interferometer region  

• 800 ms interrogation time with 5 Hz cycling frequency  

 combine high sensitivity and high bandwith. 

Meunier and Dutta et al. Phys. Rev. A 90, 063633 (2014) 

Several proposals for future atom interferometry sensors assume interleaved samples 

(e.g. space based gradiometers, GW detectors)  
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Conclusion 

• Several applications of cold atom interferometers 

• Dead times in cold atom sensors strongly limit their potential impact 

• First demonstration of a continuous (no dead time) cold atom inertial sensor 

• State of the art of cold atom gyroscopes: 0.5 𝑛𝑟𝑎𝑑. 𝑠−1 rotation stability (at 104 𝑠) 

• Towards quantum-limited sensitivity using the joint interrogation technique 

 with 106 atoms, contrast of 20 % : expected sensitivity < 10−10 𝑟𝑎𝑑. 𝑠−1 in 100 s. 
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Thank you for your attention! 


