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Mach-Zehnder Interferometer
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Signal Extraction via Phase Scan
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• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)
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Signal Extraction via Phase Scan

ϕa = kaT2
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Signal Extraction via Phase Scan

• Phase shift 


• Acceleration phase shift 


• Population 


• Extract population via 
Gaussian image model


Φ = ϕa + ϕL

∝ cos(Φ)

ϕa = kaT2
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Wavefront Aberrations
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• Can imprint spatially dependent 
phase profiles
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• Can imprint spatially dependent 
phase profiles


• Often the leading systematic 
uncertainty


• Their impact depends on the data 
analysis method

15

Wavefront Aberrations

Morel, L., Yao, Z., Cladé, P. et al. Determination of the fine-structure constant with 
an accuracy of 81 parts per trillion. Nature 588, 61–65 (2020).  
https://doi.org/10.1038/s41586-020-2964-7
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• Intensity model 


• Per image phase


• Spatial phase 


16

→ f(ϕa, ϕL)

Signal Extraction with Aberrations
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• Intensity model 


• Per image phase


• Spatial phase
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• Signal extraction via Gaussian integrals
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Signal Extraction with Aberrations
θ(i1) θ(i2)
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• Signal extraction via Gaussian integrals

• Intensity model 


• Per image phase


• Spatial phase
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• Signal extraction via Gaussian integrals

• Intensity model 


• Per image phase


• Spatial phase
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• Intensity model 


• Per image phase


• Spatial phase
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• Signal extraction via Gaussian integrals
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• Intensity model 


• Per image phase


• Spatial phase

• Signal extraction via Gaussian integrals
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• Signal extraction via Gaussian integrals

22

Adjust fitting model

• Allows single-shot phase scans 

[1,2]

• But requires knowledge of the 

spatial form
[1] Dickerson et al 2013 Phys. Rev. Lett. 111 083001
[2] Sugarbaker et al 2013 Phys. Rev. Lett. 111, 113002
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1. Use multiple images

2. Expand the image model to fit to ALL possible static patterns

3. Use statistics to extract the phases

23

Image Set

Analysis 
Algorithm

“The phase” of the interferometer

Make Spatial Aberrations a Part of the Model
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Algorithm

Principal component analysis (PCA)
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Algorithm
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Reconstruction Without Noise

Image Set

Analysis 
Algorithm

a) 2x2 + 4y

b) 4x+ 4y

c) 4(0.2x)2 + 2y

• Intensity model 


• Per image phase


• Spatial phase


x [a . u.]
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Reconstruction Without Noise

a) 2x2 + 4y

b) 4x+ 4y

c) 4(0.2x)2 + 2y

Reconstruction error  γdiff = γinp − γrec

Image Set

Analysis 
Algorithm

a) 2x2 + 4y

b) 4x+ 4y

c) 4(0.2x)2 + 2y

• Intensity model 


• Per image phase


• Spatial phase


x [a . u.]

x [a . u.]

y
[a

.u
.]

Works perfectly!
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)



Stefan Seckmeyer FOMO 11th September 202433

Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution Interferogram

Natoms(i = 1, x, y)

Quantum Projection Noise (QPN)
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Spatial probability distribution InterferogramSpatial probability distribution Interferogram

Quantum Projection Noise (QPN)

Natoms(i = 1, x, y)
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• Assess statistical effects due to QPN


• Study three distinct spatial phase patterns


• Assess statistics of the reconstruction errors


37

Reconstruction Accuracy

γdiff (x, y) = γinp (x, y) − γrec (x, y)θdiff (i) = θinp (i) − θrec (i)
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• Average reconstruction error:                              


• Statistical uncertainty of reconstruction error  
(Error bar due to QPN)


avg[θdiff (i)] ⟶ 0

38

Reconstruction Accuracy: Per-Image Phase

Max phase uncertainty

σi ≡ std[θdiff(i)]

C = 1
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• Average reconstruction error:                                


• Statistical uncertainty of reconstruction error  
(Error bar due to QPN)


avg[γdiff (x, y)] ⟶ 0

39

Reconstruction Accuracy: Per-Pixel Phase

Intensity averaged over i

σxy ≡ std[γdiff(x, y)]

C = 1
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Application to Experiment

• Collimated Bose-Einstein condensate

• Higher-order Bragg interferometry

Courtesy of  S. Abend et al,  
“Atom-chip fountain gravimeter,”  
Phys. Rev. Lett. 117, 203003 (2016).

2ℏk 6ℏkChip gravimeter Momentum splits:

Spatial structures likely due to imperfections on chip coating
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Summary

Spatially resolved phase reconstruction algorithm 

Enhanced phase extraction algorithm 


• A tool to understand wavefront aberrations

Image Set

Analysis 
Algorithm

• Per image phase 
(“interferometer phase”)


• Arbitrary static spatial  
intensity and phase profiles


• Robust to quantum projection noise

•  Up to mrad-accuracy in phase
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Spatially resolved phase reconstruction algorithm 

Enhanced phase extraction algorithm

• Mitigating systematic shifts due to wavefront aberrations

• Measuring wavefront aberrations in-situ using the atoms


Data analysis tool suitable for autonomous operation

• Automatic tracking of phase profiles

• Resource efficient implementation 


More ideas? Talk to us!

42

Prospects
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Thank You For Listening!

Theory of Quantum Sensing Group  
by Naceur Gaaloul

Stefan Seckmeyer

Experimental work: 

Group of Ernst M. Rasel



