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EUropean Cluster of Advanced Laser Light Sources

EUCALL is a network between large-scale user facilities for:
free electron laser radiation ! oy et oF EvRoPE
synchrotron radiation
optical laser radiation
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EUCALL researchers collaborate on:
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common methodologies and research opportunities
tools to sustain this interaction in the future

Facts and figures:
7M€ from Horizon 2020 for project period 2015 - 2018
11 partners from nine countries and two further clusters
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Work packages

WP1 — Management of the EUCALL Project
WP2 — Dissemination and Outreach
WP3 — Synergy of Advanced Laser Light Sources

WP4 — SIMEX: Simulation of Experiments

WP5 — UFDAC: Ultrafast Data Acquisition

WP6 — HIREP: High Repetition Rate Sample Delivery
WP7 — PUCCA: Pulse Characterisation and Control
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 SIMEX objectives

« simex_platform: an opensource platform for simulation of
photon experiments

- Generic interfaces to advanced simulation codes
- Open standards for data exchange
- Supported baseline applications

e Science case: Single Particle Imaging at EU.XFEL

 Summary & Outlook
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SIMEX' objective

The key objective of SIMEX is to develop and implement a
simulation platform for users and facility operators to fully
simulate experiments at the various light sources.

Target/Sample
Atoms, molecules, clusters
Solids, surfaces

Liauids Photon Data Analysis
quum Diagnostics Structure determination
asmas 3 Electronic structure
. Spectroscopy Transport
Photon propagation Diffraction Relaxgﬁon <
Lenses Scattering )
Photon Source Mirrors Thermodynamics
XFEL Apertures, slits
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Some highlights about simex_platform

* Modular simulation platform for source-to-detector
simulations in photon science

* Open source (www.github.com/eucall-software/ )

 Interfaces for various photon-matter interaction codes
ready

« Various deployment options: Makefile, binaries, and
Docker containers

« Performance boosts for 3 party simulation codes
— Talk by S. Yakubov
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http://www.github.com/eucall-software/

SIMEX platform is on github

GitHub - eucall-softw... x

Mozilla Firefox

*| B A ¥ € O a@citHub, Inc (US)| httpsy/github.com/eucall-software/simex_platform & | Pintercity hotel dresden > &y & A »H B X ¥

i DESY Phonebook - D... inyURL.com * palava.tv | Private C... IPyipython@xfi2 () EUCALL Software Re...

SIMEX PLATFORM Continuos integration:
Software platform for simulation of advanced photon experiments. * Down I Oad
* Extract I
Contents e Build _
1.) Purpose of the software ° R u n teSt S u Ite
R — guaranteed
1.3 Purpose of simex_platform functionality and validity

The present code is meant to facilitate setup, execution, and analysis of simulations of experiments at advanced laser light
sources. As an example, consider a molecule radiated by highly brilliant, ultrashort x-ray pulses such as delivered by an X-Ray
Free Electron Laser (X-FEL). The simulation platform allows to combine tools and codes for the simulation of each step of the
experiment: Generation of radiation in the photon source, propagation through optics and waveguides to the interaction point,
photon-matter interaction, scattering of the radiation into the far field and detection of the latter. The platform provides slots
and interfaces for the various simulation steps.

2.) Installation

2.1.) Preliminaries

First obtain the source code either via cloning the repository or via downloading and extracting the zip file. Change into the top
level directory simex_platform/. The python/ directory contains code for the simulation framework itself, but it does not
contain any actual simulation tools. A selection of simulation tools tailored for simulation of coherent diffractive single
particel imaging can be built using the Makefile in build/.

2.2) Software dependencies

The bl el £rdnb mmed imatall o meimaboe of $hird mah libearinn ainh an heAfE mnink and hanat D bime a0l
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Calculators and Interfaces in simex_platform

Calculators: Simulation codes + User interface (command line, py script)

Interfaces: hdf5 file + format description (SImS2E, openPMD)

ey

Initial field Propagated field selmplEiEige.
trajectory
Results Detector response Scattered photons 1
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config_sim_5keVv_3fs_2...es/simS2E/config) - GVIM

File Edit Tools Syntax Buffers Window Perl Help

mE o B¢ =d ¢« my B o

36 #HHHEH SINngFEL #HEHHHE

37 # Directory where SingFEL is installed

38 SingFEL DIR=$WORKDIR/packages/diffr/singfel

39 # Directory where simulation data will be stored
40 I0 DIR=$RO0T/data/$PROJECT

41 # Full path to the config file for this simulation
42 CONFIG=$RO0T/config/config_ $PROJECT

44 numProcesses=4

45 hostFile=$WORKDIR/lib/diffr/mpich-install/hostfile
46 uniformRotation=1

47 calculateCompton=0

48 sliceInterval=100
49 numSlices=100 :

50 pmiStartID=1
51 pmiEndID=1
52 numDP=$NUM DIFFR _QUT

54 ##HHH#H EMC #HHBHHE

55 SRC=$WORKDIR/packages/orient/s2e recon/EMC_Src
56 INPUT=$ROO0T/data/sim_example/diffr

57 TMP=$ROO0T/tmp

58 OUTPUT=$RO0T/data/sim_example/orient

60 INITIALQUAT=5
61 MAXQUAT=9

62 MAXITER=200

63 MINERR="4.E-8f}
64 BEAMSTOP=0

*
*
*

File Edit View Search Terminal Help

grotec@exflpcx25917:~
$> singfel < config > diffr_outll

Terminal

simS2E — Yoon et al. Science Rep. (2016

65 PLOT=1
63,14 66%

* X %

*
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3fs_emc.py (~/Work/XFEL/SPB_3fs/reconstruction) - GVIM
File Edit Tools Syntax Buffers Window Perl Help

EfQmT o B 22¢ =8B
W/X/S/ri3fs_emc.py W/X/C/s/c/config sim_SkeV 3fs 2NIP

7 # Setup diffraction parameters. Some values are set to defaults.
8 diffraction_parameters = SingFELPhotonDiffractorParameters(

9 uniform_rotation = True,
10 calculate Compton = True
11 number_of patterns = 20,
12 slice_interval = 20,

13 number_of_slices = 100)
14

15 # Change pmi start ID from default value.
16 diffraction_parameters.pmi_start_ID = 10

17

18 # Setup the diffraction calculator. Terminal

19 diffractor = SingFELPhotonDiffractor(parameters=diffraction_parameter File Edit View Search Terminal Help
s) grotec@exflpcx25917:~

20 $> python diffr_emc.pyll

21 # Can still change a parameter.

22 diffraction parameters.parameter.pmi stop ID = 90

28

24 # Setup EMC parameters the old way.

25 emc_parameters={'max_number_of_ quaternions' : 9,

26 'max_number of iterations' : 100,

27 'min error' : 1.0e-8,

28 'beamstop' : True,

29 ‘detailed output' : True

30 }

31

32 # Setup EMC calculator.
33 emc = EMCOrientation(parameters=emc_parameters)

34

35 # Run backengines.

36 status = True

37 while (status):

38 status = diffractor.backengine()
39 status = emc.backengine()

40

41 | break

42

43 # Get results.

44 emc_data = emc.data

45

46 # Center slice.

47 cslice = emc_datal:,:,50]

48
49 # etc. -
41,1 Bot
I .
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Baseline science application #1: SPI

Single Particle Imaging (SPI) at X-FELs

Understand role of radiation damage processes using ab-initio
simulations of photon-matter interaction (XMDYN & XATOM)

Study effect of XFEL pulse properties on signal quality

Benchmark and profile computational lensing algorithms under real-
world conditions

Pixel area

Sample
b detector

injection .

T = Baseline setup

#
.
Photon source Focusing optics e

o electron
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Baseline science application #2: HPL R

X-ray probing of high power laser (HPL) excited matter

Model non-equilibrium dynamics of ultrashort pulse laser excited
plasmas with 3D3V Patrticle-In-Cell code PIConGPU

Characterization of plasma instabilities via SAXS/WAXS
Early science proposal for HED instrument at XFEL

R ____Eeisok
k

I XFEL beamline

I — —

image

11 "_él:éqtrdn-.-)-.?
|| 3  density |
L@ 3 iR >
| gé@ | Ca o —
Sa (>~
185 ®- e L
$31 @&
35, ©& e — |
EU XFEL % | | >
shot data I ..g I scattering
_ orSIMEX | &' _ _ _ _ _ ]
(WPG/SRW)
wave front XFEL-plasma
description interaction
This project has received funding from the European Union’s Kgbenhavn, Danmark — Oct. 17 2016

Horizon 2020 research and innovation programme under grant
agreement No 654220 Carsten Fortmann-Grote, European XFEL Hamburg

European

XFEL



Baseline science application #3: WDM

X-ray probing shock compressed warm dense matter (WDM)

Model high energy, long pulse (ns) laser driven shock compression
with 1D & 2D radiation hydrodynamic codes

Simulate XAFS (& scattering) signals

Pulse optimization via feedback of simulated signal to pulse shaper
1A Torchio et al. Scientific Reports (2016)
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Science application #4

Laser-plasma acceleration based x-ray source
Model laser wakefield acceleration (PIC)
Feed electrons into FEL simulation code

*
*
*

* K %

L

*
*
*

Photon Interaction with Matter:
Generation of Particles and Radiation Field

Detector

Transport of Particles

FEL Source

This project has received funding from the European Union’s Kgbenhavn. Danmark — Oct. 17" 2016
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Simulation Data Interfaces

Source Propagation PMI Scatterin Detector Lead institute
SPI EU.XFEL
HPL HZDR
WDM Esther (1D-Rad-Hydro), XRTS/FEFF ESRF

« Standardized hdf5 file structure
« Subsequent Calculators check mutual dataset consistency

NOBUGS|2016
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Recent Files [/home/axel/proggen_partiell/openPM

openPMD: An open standard for ) cvample s
particle-mesh data L hitp://www.openpmd.org @
@ fields
« Standardized hierarchical / T
organization of (meta)data for fields T e

and particles——— &

? .particles

* Independent of file format: *“;‘e
o hdf5 Se”al o G4 mass

o €4 momentum |

« hdf5 parallel 4 @ positon

« adios -

:2:Fd
i weighting

« Supports all unit systems through

standardized unit conversion
SCheme \ charge(543604) .................. T
up size =0

\g@er‘of attributes =3

« Application specific domain i =L B0 TeSTE s
extensions:
e PIC
» Rad-Hydro (in progress)
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Single Particle Imaging simulations with SIMEX

Single Particle Imaging (SPI) at X-FELs may provide structure
data at Angstrom resolution. Among open questions, the most
pressing are:

Understand role of radiation damage processes
Study effect of XFEL pulse properties

Simulations can provide guidelines through systematic
parameter scans Sample Pixel area

injection detector

%: Baseline setup
Photon source Focusing optics Fs
- oy ’
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http://www.openpmd.org/

Radiation damage processes and timescales

« SPI paradigm: Use ultrashort, intense x-ray pulses to diffract from single particles
— Scatter enough photons despite small scattering cross-section and few
scatterers
— Probe before destruction o Neutze et al. Nature (2000)

LT desy.cfel.de/cid/research/understanding_the_physics_of _intense_x_ray_interactions/

Photoelectron Auger eleciron O O\I EO a Q :.Q
O 0040 . O
Phot -Q'E/Go% G‘HO*T-’F—O
on = O‘e‘x _/s"'O O Q,.
O 0:0.60
O 0 0“0 O
——e- O OO O-O
L
0 1 10 100 fs
Atom TpugerFS)
C 10.7
N 7.1
o 4.9
S ~2fs
P ~2fs
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Simulation parameters

FEL Detector
* Pulselength 3fs, 9 s, 30 fs « 80 x 80 superpixels of 1200 pm size
* Photon energy 4.96 keV 13 cm sample-detector distance

«  FEL saturation nz = 35m max resolution = 3.5 A (edge)
» Poissonization of incoming intensity

* Particle, charge, electronics simulation omitted

Sample here

» Two-nitrogenase protein (2NIP)

. ~5000 non-H atoms o Schlessman et al. J. Mol. Biology (1998)
* Iron-Sulfur ligand “SF4*

* Known crystallographic structure (PDB)

Simulation
« ~40 pulses from FAST XFEL Pulse Database
* Propagation: WPG (SPB-SFX beamline)

« PMI: ~1000 Sample trajectories 100 snapshots
per trajectory

* Apply random rotation of atom coordinates to
each trajectory

« 200 diffraction patterns per trajectory
- 200000 patterns
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Orient

HDFView 2.9

Zile Window Tools Hel
2|at] [@lam L) Schneidmiller et al. NIMP A 429 233 (1999)

Recent Files

|

/home/grotec/exflst_data/simS2E_data/SkeV_3fs_nz35/FELsource/FELsource_out_0000002.h5 w | Clear Text

B] FELsource_out_0000002.H=%

¢ @ data
arrEhor

\G, ImageView <Upperleft> - arrEhor - /data/ - /home/grotec/exflst_data/simS2E_data/SkeV_3fs_nz35/FELsource/FELsource_out_0000002.hS - 400.0%

wl[ Ml RQUR| [KelB]22s

| Image
|

[T o electric field wsre temporal profile ‘
o Qinfo .5F16E9
¢ @ misc

y39EQS
=] FAST2XYDAT

angular_distr F62E9
y85SES

IBEQS

#8 spot_size
temporal_stry

F1ES

8 temporal_stry
¢ @ misc

electricField

B resizing
¢ @ params 1.00E . . . 2.
> Camesh .cpl @Nngular distribution
@ Rx
Bry 8.00E 1
7.00E 1.
B dry
6.00E
B nval 1.
photonEnergy 5.00E 1.
wDomain 4.00E o
=] wEFieldUnit
2] wSpace 3.00E 6.
xCentre 2.00E A
B ycentre .
4 T N 1.00E 28
arrEhor (272550, 2) 1 1.70€: ' § : : : : - - 1.2
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Wave propagation (WPG library)

Synchrotron Radiation Workshop Side view Focal

plane
|

C library for wavefront propagation |
OM1  OM2 HWW:TS'“S NHE NVE |
(coherent sources) - |

H 1

I

|

|

Wave PropaGator Top view i
|

Python frontend for SRW pane | , |
e i

plane elliptical :

|

1 1 1 1 1 1 I

2465 257.9 903.9 904.7 927 928 9327

Distance from source point [m]

100 nm 100 nm 100 nm 100 nm 100 nm 100 nm
— — — — — —

color: phase brightness: intensity At=0.2 fs

L1} Samoylova et al. J. Appl. Cryst. (2016)
LY Chubar et al. NIMP A593, 30 (2008)
UG 1)0 UG lfﬁ lfﬂ IOG
i

L1 Yoon et al. Scientific ts
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Photon-Matter interaction: Molecular Dynamics

+ Ab-Initio electronic structure

L1 Jurek et al. J. Appl. Cryst. (2016)
L1 Son et al. Phys. Rev. A 83, 033402 (2011)

XMDYN & XATOM
lons move according to Newtonian

mechanics XMDYN Frogn | XATOM
. . }
MonteCarlo simulates electronic T e
transitions according to rates/cross- |[« | ||
sections from B N
Ab-initio (Hartree-Fock-Slater) = -
electonic structure code (XATOM) k) L e

Output: .

«Lég 4-L./ <-L/ -

- Atom positions R (r,t)

No
b Last timestep?

- Electronic structure {n_}(t)

Program
n

-

— form factors f(k,t)

structure factors S(k, t)
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https://in.xfel.eu/xpd

singFEL propagates photons scattered from th

sample to the detector plane

Propagating the

Diffraction from single particles pulse through

beamline optics

E(r,t)

dO'T(G)

I.(q)2.Q)=Q
(4/2.0) =07

JARC [RTET; § RO | i K

Radiation
damage
of the particle

" Coherent scattering from
bound electrons

" Incoherent (Compton)
scattering from bound
electrons

" Compton scattering from free
electrons

Diffraction patterns
of
radiation damaged
particles

L1 Yoon et al. Scientific Repg

1M'TH

- NOBUGS|2016

This project has received funding from the European Union’s Kgbenhavn, Danmark — Oct. 17" 2016 Copenhagen, Denmark, 17th to 19th October
, .

Horizon 2020 research and innovation programme under grant XF E L
agreement No 654220 Carsten Fortmann-Grote, European XFEL Hamburg Lo i dau ol o

European




Electron density reconstruction from simulated

diffraction patterns

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

Orientation of 2D diffraction patterns
into a 3D diffraction volume

Expand-Maximize-Compress
algorithm

Witi(p) =C-M-E-W;(p)

11 Yoon et al. Scientific Reports 6 24791 (2016)

Orientation
recovery of each
diffraction pattern

Diffraction patterns
of
radiation damaged

particles
1 I
11'TH
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Electron density reconstruction from simulated

diffraction patterns

Phase retrieval for electron density Orientation of 2D diffraction patterns
reconstruction into a 3D diffraction volume
Difference Map algorithm Expand-Maximize-Compress
= Problem: Intensity ~ |E exp(i¢) |’ algorithm

" Constrained through finite
support and positivity of electron
density. W,,;_|_1(p) =C-M-E- W@(p)

" |teratively minimize difference
between support projection and L1 Yoon et al. Scientific Reports 6 24791 (2016)
Fourier projection. Orientation

recovery of each
diffraction pattern

Orientation
recovery of each
diffraction pattern

Diffraction patterns
of
radiation damaged
particles

Structure
reconstruction

I .
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SIMEX simulations put lower limit on XFEL pulse =

length for single particle imaging applications
Yoon et al. Sc. Rep. (2016)

photons per pulse = 1-10™ 5.10™ 1.10"
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ﬁ Summary and Conclusions

« simex_platform is a rapidly growing modern software
suite for photon science experiment simulations.

e Generic user interfaces facilitate usage of advanced
simulation software.

 Open standards for data exchange between simulation
codes enable new applications and integration of 31 party
codes.

« 1stscience application demonstrates the usefulness,
applicability, and validity of simex_platform.
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Photon matter interaction and diffraction
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Each run starts from a new, random initialization
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Quantifying 3D diffraction volume consistency:
The coefficient of variation

I(q) — (I,(q))
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Each run starts from a new, random initialization
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Oriented 3 fs diffraction patterns show

2-3 times larger variation than 9 fs data
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