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Worst case scenario: Plasma Accelerators for Electron Beams Cycnsys

When your machine is your experiment

= Compact setup (cm long plasma)

= Driver is either a laser or a particle beam

= Special: Low transverse emittance, fs, nC, GeV
= Challenge 1: Highly nonlinear

= Challenge 2: fs diagnostics & control needed

= Challenge 3: Scalability

PIConGPU » OCELOT » GENESIS -
ISAAC Peoca|
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Digital Twins of Plasma Accelerators for Electron Beams

Use Europe’s largest Supercomputers
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Beyond worst case scenario: Plasma Accelerators for lon Beams (T}, SASYS

Helmholtz International Beamline for Extreme Fields @ HED/EUXFEL
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Simulations on Summit
10 Trillion (10%3) Particles
400 Billion (4 x 10*1) Cells
27600 GPUs
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Beyond worst case scenario: Plasma Accelerators for lon Beams 3, CASYS

» SYSTEMS UNDERSTANDING

A highly nonlinear, dynamical system with o(Avogadro) particles

= Solid density

= Atomic time & length scales

= Dynamic, transient plasma

= Radiation transport + Background
= Experimental Reproducibility low
= Initial parameters not well known

= Multi-modality diagnostics needed
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Using the European XFEL & HIBEF as a Microscope Cychsys

Studying Plasma Accelerators for lon Beams at the atomic Level
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Recreating Experiments virtually via Digital Twins (' CASVUS

0’ CENTER FOR ADVANCED
X-ray Laser, complex System, Scattering and Detectors simulated

- SYSTEMS UNDERSTANDING

Photon Source Photon Waveauide  Target/Sample Detection Photon Data Analysis
XFEL Lenses Single particles Spectroscopy Structure determination
Synchrotron o Mirrors Solids, surfaces Imaging Electronic structure
Optical Laser Liquids Transport
Pumg-probe Plasmas Relaxation &
Thermodynamics

N

panosc SimEx (see Talk by Juncheng E)

open science cloud
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This is the way ), CASYS
Towards full Digital Twins of Laser Plasma Accelerators
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Digital Twins and Al on Top 10 HPC Systems 3, CASYS

- SYSTEMS UNDERSTANDING

Coupling a full Digital Twin to large-scale Al for in-Memory Learning

in Memory Al

File* stem
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Exascale F.A.l.R. Workflows
Open & F.A.I.R high performance I/O coupling with openPMD

The openPMD Standard: open
openPMD Eco-System PM
. Open standard github.com/openPMD/openPMD-projects
openPMD standard (1.0.0, 1.0.1, 1.1.0)
u Se |f—d escC ri bi n g the underlying file markup and definition A
A Huebl et al., doi: 10.5281/zenodo.33624
base standard extensions
i + general description domain-specific _
" Particle + Mesh data e.g. ED-PIC, SpeciesType, BeamPhysics

writers & converters
simulations, frameworks, measurements
e.g. PIConGPU, Warp, SIMEX_Platform

native data tools

= Exascale /0 HDF5, ADIOS1/2, NEICDEF ...
e.g. h5ls, hsrepack, hsdump, bpdump

HDF Compass readers
HDF5 & ADIOS file explorer coupled simulations, post-processing frameworks, ...
open and explore file trees e.g. SIMEX_Platform, Vislt, yt-project, openPMD-viewer

= In-memory coupling

» Ecosystem: API, viewers, analysis, O e

reduction (e.g. phase space), interpolation editin-or new e
(e.g. fields)

openPMD-api
/O library abstraction
file format agnostic

data repositories
exchange and long-time archival
e.g. Zenodo, RODARE (HZDR)

PIConGPU, WarpX, FBPIC, SMILEI, SimEx, Ocelot, Paraview, ...
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Without Metadata on Workflows we are lost Cycnsys

HELIPORT as a step towards F.A.l.R. Digital Twins i

Digital Twin

References by Handles

to allow traceable A
relationships pl"O_]GC‘I’

| 224
Scientific

. L Publication

ublication Software Workflow DUb”n o

) - . . N
Experiment Specific PUbliCCl'I'IOﬂ % CWL Metadata

Metadata N =
ADMS.SW

D Based on
! l [ ] DataCite DOI 10.14278/rodare.939

H E LI P 0 RT mholtz Sclentific
roject W ORkflow PlaTform

See talk by Oliver Knodel

Data
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Digital Twins and Al on Top 10 HPC Systems 3, CASYS

Creating Surrogate Models of Plasma Accelerators using Al

~

Invertible Neural
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Inputs: Output:
Laser Energy Particle Energy Spectrum
P Profil
& Plasma Profile HELMHOLTZ A /1™
Nico Hoffmann YIG &
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Surrogate Models of Experiments 3, CASYS

- SYSTEMS UNDERSTANDING

Al real time Digital Twin Operations with Invertible PINNs

~ SAXS/

GISAXS

oredict Diagnosti 2 ' Ilnvertlblve PINN strong scaling

~ Speedup

Infer System g
Parameters from :

Diagnostics . .
Particle
Spectra P

~ Atomic
Lines

HELMHOLTZA! [

Nico Hoffmann YIG “
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A Digital Twin should be a twin of the machine ), CASYS
' SYSTEMS UNDERSTANDING
OPC-UA — Unified control, info & feedback
PLC ChimeraTK
LEAPS WG2 WP1 proposal CID
Facility @

= Open Standard for information modeling and
machine-to-machine communication

— OPC UA
— Industrial Ethernet
— DMA over PCle

/ |

= Built-in scalable security & authentication S;L Klaus Zenker
» Industry standard (e.g. PLC integration) ﬁ ELBE

OPC UA

4 Server

= Portable, platform-independent Jr

SCADA l
= Testbed at HZDR ELBE-Facility, evaluated for DALI THz

Facility Digital Twin PLC @e@
* Interface to ChimeraTK, e.g. for FPGAS — e )
| Digital Twin
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Retrieve System Parameters from Experiments in Real Time
Al Phase Retrieval from Small Angle X-Ray Scattering

SAXS image

Reconstruction

Ground Truth

ﬁ CASUS

L CENTER FOR ADVANCED
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HELMHOLTZ A

Nico Hoffmann YIG “
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Retrieve System Parameters from Experiments in Real Time ), CASYS
Single-source C++ CPU/GPU/FPGA parallel codes with Alpaka

Alpaka:

= Single-source C++ = (_thread )

[ Element J

==== Synchronize

= Parallel

Parallel

= Multi-Accelerator

= CPU, GPU, FPGA

= Portable
DESY ePIE Ptychography Algorithm

Core |[ Core Core |[ Core = = =
[L1/2)f [L1/2) L1/2) )l |L1/2) = = >
LR IPCRINHLR IHLR | =] (=] [=
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This is the way! Cycnsys

- SYSTEMS UNDERSTANDING

Open, portable solutions for Digital Twins

~=DR
HELMHOLTZ ZENTRUM
Exascale Plasma Accelerator Simulations PICon@i])m' DRESDEN ROSSENDORF
In-situ, steerable, live, Tbyte/s visualization ’SAAC
open
Self-descriptive Exascale I/0 and in-memory coupling PMb
F.A.LLR. Workflow metadata lifecycle management HELIPORT rojecewo iiow piartorm
Photon Science Experiment Digital Twins SimEX
. - -
Invertible, multimodal Al Surrogate Models HE"T':,,?"% a“

Open information modeling & control

Single source parallel code for CPUs, GPUs, FPGAs aI{(}a ka
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