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Outline

◼ Introduction: Diffractive Imaging Experiments at the European X-ray Free Electron Laser

◼ The SIMEX experiment simulation platform

◼ Elements of s2e simulations (“Start – to – end” or “Source – to – Experiment”)

◼ Photon Sources

◼ Photon propagation

◼ Photon – Matter Interaction and Signal Production

◼ Detectors

◼ Applications to Imaging experiments

◼ Pulse length dependence of diffraction data “interpretability”

◼ Imaging of hydrated molecules 

◼ Imaging on inorganic particles

◼ Summary and Outlook
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European XFEL SASE Beamlines and Scientific Instruments
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Why we want the 3D structure

Artists: Tim Nobel & Sue Webster
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Single Particle Coherent Diffractive Imaging
3D comes for free

● A sample injector provides one 
molecule at a time in the 
interaction region.

● Each molecule arrives in an 
unknown orientation 
→ 3D sampling

● Coherent x-ray photons scatter 
from the molecule

● Scattered photons are collected 
in a pixel area detector

● 2D patterns are merged into a 
3D diffraction volume.

● Phase retrieval algorithms 
reconstruct the 3D electron 
density map
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Orientation and phasing are sensitive to experimental 
artifacts

◼ X-ray source properties (spatial, temporal, spectral, stochastics)

 

◼ X-ray optics imperfections (e.g. mirror height profile)

◼ Electronic radiation damage processes

◼ Detectors (nonlinear gain, noise, e-h plasma effects at high intensities)
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Simulations can help address these questions

◼ Study how each imperfection affects measurable quantities in isolation

◼ Look at combined effect of entire experimental setup

⇒ Start-to-end experiment simulations

◼ Systematic exploration of parameter space

And more:

◼ Serve beamline users and operators to optimize configurations

◼ Complement data analysis (combine forward simulation with inversion 
algorithms)
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SIMEX provides user interfaces and data formats
for start-to-end photon experiment simulations

Photon source
● FEL
● Synchrotron
● Plasma source
● Optical Laser

Photon propagation
● Wave optics
● Ray optics
● Hybrid

Photon-Matter Interaction
● Molecular Dynamics
● Particle-In-Cell
● Radiation-Hydrodynamics

Data analysis
● Structure solving
● Dynamics
● Thermodynamics

Detector
● Pixel detector

Signal generation
● Scattering
● Absorption
● Emission

Source radiation field Focus radiation field

Sample trajectory
● Electronic structure
● Atom positions
● Density, temperature, pressure

Results Detector response

Ideal Signal
● Scattered light intensity
● Secondaries (e-, ions)

Calculators: python APIs to advanced simulation codes
Data interfaces using metadata standards



23Simulations of X-Ray Laser Experiments Carsten Fortmann-Grote  Jul 7, 2018

This project has received funding from the 
European Union’s Horizon 2020 research and 
innovation programme under grant agreement 
No 654220

Interfaced simulation codes 

X-ray source
FEL FAST Yurkov, Schneidmiller (DESY)
FEL Genesis/Ocelot S. Reiche / G. Geloni et al.
Synchrotron Oasys L. Rebuffi, M. Sanchez-Rio 

Propagation
coherent wavefront prop. WPG/SRW Samoylova, Buzmakov, Chubar
x-ray tracing Oasys L. Rebuffi, M. Sanchez-Rio 

X-ray photon matter interaction Atoms, molecules, clusters
XMDYN & XATOM Z. Jurek et al. (CFEL)
MCMD P. Ho et al (ANL)
HF/LDA H. Quiney et al. (U Melbourne)

Optical photon matter interaction
1D Rad-Hydro Esther Colombier et al. (CEA)
2D Rad-Hydro Multi2D R. Ramiz et al.
3D PIC PIConGPU M. Bussmann et al. (HZDR)

Signal generation

molecule, cluster scattering SingFEL C.H. Yoon (LCLS)
Plasma SAXS paraTAXIS T. Kluge et al. (HZDR)
Plasma Compton/Thomson XRTS G. Gregori, CFG
Crystal diffraction CrystFEL/pattern_sim T. White et al. (CFEL)
EXAFS FEFF8L J.J. Rehr et al. (U Washington)

Detector simulation 2D Pixel detectors X-CSIT, Karabo T. Rüter et al. (XFEL)

Analysis/Reconstruction
Pattern orientation EMC 

N.D. Loh (Singapore)
Phasing DM 
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An example: 
Simulation of single-particle imaging at 

SPB-SFX
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Oriented 3 fs diffraction patterns show 2-3 times
larger variation compared to 9 fs data
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Summary

◼ Coherent diffractive imaging is a powerful technique to resolve the molecular and atomic structure 
of various kinds of matter.

◼ Experiments at X-FELs have demonstrated “diffract-then-destroy” on structured targets, cells, and 
viruses

◼ Simulations support efforts to achieve sub-nm level resolution single-particle imaging.

◼ The simulation platform SIMEX facilitates simulation of a wide range of photon experiments at 
various light sources.

◼ Applications demonstrate the usability and usefulness of this simulation toolbox.

◼ Future developments target a tight integration of our simulation tools with data analysis 
frameworks (→ integrated analysis) and application in teaching and training.
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Thank you for your attention
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