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• Object described by 3D complex refractive index

• Wave-object interaction described by a transmittance function:
• Induces amplitude (absorption) and phase modulation:

• Both amplitude and phase modulation are given by projections through

Wave-Object Interaction
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• Propagation over finite D is described by Fresnel diffraction

• Propagation is a linear system w.r.t. the wave (Fresnel transform)
• Convolution of wave       with propagator
• Fourier domain: Multiplication with propagator

• Non-linear w.r.t intensity: squared modulus of wave:

• Fourier transform of intensity:

Direct Problem – Image Formation
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Phase Retrieval
• Quantitative, non-linear relationship between phase shift and contrast

• Phase retrieval: inverse problem of calculating phase shift from phase 
contrast images at different distances

• Cf. “Classic” phase retrieval (Fraunhofer diffraction)

Phase map
D
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Phase Tomography
•Phase shift is projection through refractive index
•Refractive index can be reconstructed by tomography
•Phase tomography is usually divided into a two-step process

• Phase retrieval (2D)
• Repeated for each projection angle, tomography (3D)

• Refractive index proportional to electron density
• I.e. mass density for most materials
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Phase nanotomography of bone 

Langer et al. , Plos one 2012
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Phase nanotomography of bone
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Phase Retrieval
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• Low-frequency sensitivity

• Regularisation, priors

• Resolution

• Non-linear refinement
• NLCG
• Alternating projections
• …
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Simulation of phase contrast



Simulation of phase contrast
• Origin of artefacts – LF problem due to scatter?
• Preparation of synchrotron experiments
• Training data for CNN methods
• Address validity of Fresnel/Fraunhofer model
• Combine contributions from “all” physical processes
• Idea: calculate interference at the exit plane instead of the detector plane using 

the Wigner Distribution Function (WDF)
• Generate photon trajectories by sampling the WDF
• Combine with MC simulation for incoherent effects
• Simulate a coherent imaging system photon by photon



Wigner Distribution Function

• WDF: 

• Quasi-probability (real but can be negative)

• Projection property

• Independent of (but related to) contrast model
• Fraunhofer: rotation of WDF by π/2
• Fresnel: shear of WDF by λD

𝑊𝑊𝑓𝑓 𝑥𝑥,𝜙𝜙 = �𝑓𝑓 𝑥𝑥 +
𝑦𝑦
2
𝑓𝑓∗(𝑥𝑥 −

𝑦𝑦
2

)𝑒𝑒𝑖𝑖
2𝜋𝜋
𝜆𝜆 𝑥𝑥𝑥𝑥

𝑓𝑓(𝑥𝑥) 2 = �𝑊𝑊𝑓𝑓(𝑥𝑥,𝜙𝜙)𝑑𝑑𝜙𝜙 𝑓𝑓 (𝜙𝜙) 2 = �𝑊𝑊𝑓𝑓(𝑥𝑥,𝜙𝜙)𝑑𝑑𝑥𝑥

T. Pfau, Phys. Today 1998



Proposed algorithm

• Generate a photon with random position 𝑥𝑥𝑖𝑖

• Simulate scattering through Monte Carlo particle transport
• If scattered, ray-trace to detector and record a hit

• If not scattered, check absorption with

• If not absorbed, get diffraction angle and sign according to  𝑊𝑊𝑓𝑓 𝑥𝑥𝑖𝑖,𝜙𝜙
• Ray-trace to detector. 
• If sign negative, increase negative potential +1
• If sign positive, decrease negative potential and record a hit if <0
• Signed particle formulation of quantum physics (Sellier 2018)
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𝑃𝑃(𝑥𝑥𝑖𝑖) = � 𝑊𝑊𝑓𝑓(𝑥𝑥𝑖𝑖,𝜙𝜙) 𝑑𝑑𝜙𝜙

𝑥𝑥𝑖𝑖



Proof of concept – Double-slit with scatterer

• Keep everything analytical to avoid numerical problems for now
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Ψ(𝑥𝑥) = 𝐵𝐵1�
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𝑃𝑃(𝑥𝑥) = � 𝑊𝑊𝑓𝑓(𝑥𝑥,𝜙𝜙) 𝑑𝑑𝜙𝜙 𝑊𝑊𝑓𝑓(𝑥𝑥𝑖𝑖,𝜙𝜙)



Results
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Individual hits on the detector
No scattering

Intensity

With scattering



Wigner Approach - conclusion
• Simple successful proof of concept, but…
• Numerical calculation of  and 𝑃𝑃(𝑥𝑥𝑖𝑖) = � 𝑊𝑊𝑓𝑓(𝑥𝑥𝑖𝑖,𝜙𝜙) 𝑑𝑑𝜙𝜙 𝑊𝑊𝑓𝑓 𝑥𝑥𝑖𝑖,𝜙𝜙
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