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A strategy across centers and programs in Helmholtz
We integrate digital solutions for innovating facility operation and accelerating science
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Integration of digital solutions in the research life cycle
Driving scientific discovery and creating a competitive advantage for our research facilities

SCIENTIFIC DISCOVERY AT RESEARCH INFRASTRUCTURES

Al & FRONTIER DIGITAL SOLUTIONS ACCELERATED SCIENCE AND INNOVATION
AT RESEARCH INFRASTRUCTURES

F = DISCOVER « MODEL * MEASURE = ANALYZE = CONTROL = LEARN = REPEAT
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Human in the loop and e " o’ _;' S Instrument, machine and
reuse of data b X | p— e facility control

MACHINE LEARNING
DEEP LEARNING AUTONOMY
DIGITAL TWIN
KNOWLEDGE GRAPHS
CLOUD & HPC

Data analysis and
knowledge extraction

Data transport and lifecycle
management
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Joining forces on the national and international level
Helmholtz, NFDI, ErUM, EOSC and beyond
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Laser fusion success increases interest
A joint vision for research facilities
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Following up at ISC 2026 (Where are the Germans?)

Al and facility advances set a high pace

21.4.2026
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Discovery Workshop

e A25D-2026) ——
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Interconnected Agent-Based Ai-Raady Digital Twins Trust, Safety &
Autonomous Labs Al Orchestration ~ Data Fabics (FAIR) & HPC Integration Workforce

The A2SD-2026 Workshop brings together researchers and practitioners shaping the future of Al-driven,
interconnected, and automated scientific ecosystems. As instruments produce complex data streams
at rates beyond human response, A2SD-2026 focuses on connected, intelligent, and verifiable
autonomous systems that can operate across scientific facilities.

Building on the A2SD-2025 community roadmap and follow-up activities, the workshop highlights five
key areas:

1. Architectures and standards for interconnected autonomous laboratories at scale;

2. Agent-based Al for scientific orchestration (including LLM agents with grounding and verification);

3. Distributed data fabrics and Al-ready infrastructure (FAIR-aligned, real-time metadata,
interoperability);

4. Digital twins and closed-loop experiment-to-compute integration leveraging HPC; and

5. Standards, trust, safety, and workforce development for responsible autonomous science.

Interconnected autonomous labs Agent-based Al orchestration Al-ready data fabrics (FAIR)

Digital twins + closed loop HPC Trust, safety + workforce

Isc High Performance

The HPC Event

Hamburg, Germany

Date: June 26, 2026
Time: 2:00pm-6:00pm CEST
Room: Hall 10 - 1st Floor

All workshops

Organizers

Rafael Ferreira da Silva
ORNL

Tom Gibbs
NVIDIA

Michela Taufer
UTK
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Frontier computing for frontier science
Joining forces in Europe, bringing together magnetic and laser-driven fusion

EuroHPC Center of Excellence for Plasma Simulations PLASMA-PEPSC

EuroHPC PICon@i!).w

7% :
tg\gfﬁ EUROfusion

a
2\
*
*
*

-
PLASMA e+ *+3=
P E P S C EEE** N **:jg:ﬂ Joint Undertaking

= Brings laser fusion and magnetic fusion community together

= Common modeling efforts for atomic physics, looking at plasma-wall
interaction (magnetic fusion) and radiation transport (laser fusion)
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HELMHOLTZ Matter

Plasma Accelerators and
Free Electron Lasers
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Laser-Wakefield Acceleration

ISAAC PiCon “"“



Combining laser and electron generated wakefields
High peak current, high quality electron beams as drivers for compact light sources

z=0.96 mm

Gas jet 2:
H2 + He (dopant)

drive Laser  -WFA stage
. 100TW LWFA beam
i - ))‘-. —

Laser— PWFA beam
blocker pre-ion Laser

1 GW
PWFA stage
et 1:
He + Nz (dopant)

R. Pausch, A. Debus

S =
Concent |\, PIEDR

Labat et al., Seeded free-electron laser driven by a compact laser plasma accelerator



Shrinking particle accelerators from km to cm
Plasma-accelerated of electrons drive compact X-ray free electron lasers (XFELS)
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Lessons learned
Obvious lessons with less obvious conseguences

1. We must find the optimum parameters for the intended operation of plasma accelerators (via SBI)

concept
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We must include all relevant information such as laser fields
The interplay between diagnostics and predictive simulation capabilities is complex

. . . . . . lel2
= Including the laser near field in simulations gives better 300 4
comparison to measurements ol ;
= Laser quality control is key to application readiness ) 2
240 - 5 .E.
= Plasmas act as nonlinear, resonant amplifiers of laser field 1530 =
variations. This is detremental for applications, but also g 0 3B
interesting for diagnostics * 200 2
) g
180 -
-2
open 27 160 -
-3
140 -
PICon G0 PMD
T T T T T T T _'4
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y [um]

K. Steiniger

_ DRESDEN 7 N\ = =mm
14 21.4.2026 GSI/FAIR Colloguium concept I I‘I‘Dn



Lessons learned
Obvious lessons with less obvious conseguences

2. High-quality diagnostics and control are needed to know and set the operational parameters

concept
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Finding the optimum parameters for operation with machine learning
ML-guided simulation-based inference is a necessity to ensure optimum XFEL operation
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A vision: Staging of plasma accelerators
This has A LOT of challenges, e.g. dephasing, depletion, inter-stage coupling, etc.

electrons positrons

| 100 10 GeV stages | | 100 10 GeV stages |
l TelV

=sarEs saiEs ) -eajes =
| Il | . |

- x |
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Circumventing dephasing and depletion limits
Travelling-wave electron acceleration (TWEAC)

Top View

Lose, )

10°-108time steps (cm, 33 ps)
10%-107 time steps (10 cm, 330 ps)
107-108 time steps (1 m, 3.3 ns)

= No radial symmetry
= Large transverse extent A. Debus
= Beyond dephasing/depletion length

Sl
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Long-scale simulations require higher quality schemes
Obvious lessons with less obvious consequences

102 0.4
03
10! —_ 0.2
T
— 0.1
g 10° RE 0.0
x s -0.
<
107! -0.2
-0.3
1072 -0.4
y[um] y[pm]
04 0.0
30+ (a) o5 'g' 200
05
20 0.2 ‘g‘
10 o1 £ B0 §
E S 5 S
S O0f e el el o MM 0 B 15 ° B
= O 5 = A. Debus
—10 01§ ® 8
L § 2.0 100 W
-20 -0.2 g
30+ Sk @ 2° -200
T T T T T T T -0.4
870 880 890 900 910 920 930
plasma cavity position [pum] plasma cavity position [um]
. DRESDEN
21.4.2026 GSI/FAIR Colloguium concept

E,[10%2V/m]



Lessons learned
Obvious lessons with less obvious consequences

1. We must find the optimum parameters for the intended operation of plasma accelerators (via SBI)
2. High-quality diagnostics and control are needed to know and set the operational parameters

3. At the same time, we must have high-quality, predictive simulations validated in experiments
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HELMHOLTZ Matter

Matter under extreme Conditions
From Accelerators to Fusion
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HED physics

@ fs & nm resolution
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Laser-solid interaction as a multi-scale, multi-physics challenge
Predictive capabilities and code validation by experiment are necessary for excellency

peak density [, aoonm] FLASH | _ 4 Raytracing [__ 4 3D PIC
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Model-based determination of experimental density profile
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pre-pulse

18 J on target, 2.6 um focus, 30 fs
T. Kluge + K. Zeil and many others



The nonlinear nature of plasma dynamics is a curse and a blessing
We need full spatial resolution + long simulation times + many simulations
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Lessons learned
Obvious lessons with less obvious consequences

1. We must find the optimum parameters for the intended operation of plasma accelerators (via SBI)
2. High-quality diagnostics and control are needed to know and set the operational parameters
3. At the same time, we must have high-quality, predictive simulations validated in experiments

4. We lose our high fidelity knowledge as simulation data is becoming too large
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Comparing simulation to experiment at atomic resolution

H - B E F HELMHOLTZ INTERNATIONAL
i BEAMLINE FOR EXTREME FIELDS



Plasma probing reaches fs/nm resolution
New experimental capabilities enable unprecedented comparison to models

1 lambda

T. Kluge, L. Huang
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Plasma probing reaches fs/nm resolution
Coherent photon by photon radiation transport, per-atom atomic state calculation

spawning new particles

detection

—.
|
I
I
|
I
I
|
|

| I
| \%
| | XFEL beamline |
| |
| |

discretization

I
I
I
I
I
|
L
|
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Plasma probing reaches fs/nm resolution
Coherent photon by photon radiation transport, per-atom atomic state calculation

Electron density In-situ scattering image on detector
double slit
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Plasma probing reaches fs/nm resolution
Well-designed targets let us investigate dynamics of laser surface interaction

simulation (including jets) &l*
20 - — - simulétion (expansion only) T“_ “-f_ ST L O
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30 21.4.2026 GSI/FAIR Colloguium e g HZDR

concept



relative density of atomic states, additive

31

Plasma probing reaches fs/nm resolution
Including per atom reduced atomic states for simulating non-equilibrium radiation transport

picongpu solver for constant rate matrix

=
o

©
o
I

Atomic state
evolution over
tlme — e =

0.6 1
0.4 1
0.2 1
1
0 10 20 30 40
time [Atp[c]
B. Marré

21.4.2026 GSI/FAIR Colloquium

state 1, analytically/solver mean + std Dev
state 2, analytically/solver mean + std Dev
state 3, analytically/solver mean * std Dev
state 4, analytically/solver mean * std Dev
state 1, steady state analytically
state 2, steady state analytically
state 3, steady state analytically
state 4, steady state analytically

Approximation type: exponential
rate matrix %]:
PIC

[[-0.089 0.010 0.003 0.020]
[ 0.005-0.026 0.002 0.002]
[ 0.004 0.006-0.035 0.070]
[ 0.080 0.010 0.030-0.092]]

time step length solver[Atpic]: 1.0
number of macro particles: 200
number of solver runs: 200
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Plasma probing reaches fs/nm resolution
We now have spatially and temporally resolved ionization dynamics in experiment
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Huang, L., et al. Nat Commun 17, 3219 (2026)
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Lessons learned
Obvious lessons with less obvious consequences

1.

2.

3.

We must find the optimum parameters for the intended operation for applications
High-quality diagnostics and control are needed to know and set the operational parameters
At the same time, we must have high-quality, predictive simulations validated in experiments
We lose our high fidelity knowledge as simulation data is becoming too large

Our experiments now reach similar fidelity as our simulations, with similar data problems ahead
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ML-acceleration of scattering image computation (forward)
Physics-informed ML models allow for fast synthetic diagonstics

~ “
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ML-acceleration of scattering image reconstruction (inverse)
Physics-informed ML models allow for better data reconstruction

NN Kernel Ground Trut

SAXS image Reconstruction

NEURAL SOLVERS
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ML surrogate models must use a single system description
Multi-modal Al is a necessity, as every diagnostic teIIS us something else about the system

J.Kelling, N. Hoffmann

Laser properties
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We can couple the forward and the inverse by Al
Invertible neural networks help to couple high fidelity plasma dynamics with observation

dQ/dE [a.u.] \
& =g
o
(=
=

o

Invertible

Neural Network

density [a.u.]

45 a6 47 48 a9 S.CI 51
Lduwnmmp [I-lm ]

Benefits

= Recover ambiguous

mapping
= Uncertainty quantification

density [a.u.]

43 44 45 46 a7
K normalised Laser energy ay [a.u.]/

Inputs: Output: ot
Laser Energy J Kelling, N. Hoffmann Particle Energy Spectrum e 39 L
& Plasma Density Profile A
NEURAL SOLVERS
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We produce PB/s data with our simulations at high fidelity
We cannot store this and thus need to stream, reduce and keep the relevant information
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[Jstream throughput

file throughput (1 writer per node)
Jfile throughput (6 writers per node)
----- extrapolated ideal parallel scaling

PES bandwidth
limit

/ ' = }iﬁ:f”
rf‘* R. Poschel
G4 128 2506 512 1024
number of nodes
F. Poeschel
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PME

Interoperable:
Data exchange spans
applications, platforms and teams

visualization
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Reusable:
Rich and standardized description
for physical quantities
Name Value
axisLabels [b'z' b'y' b'x"]
dataOrder b'C'
fieldSmoothing b'none’
geometry b'cartesian’
gridGlobalOffset [0.0.0.]
gridSpacing [4.252342 1.0630856 4.252342 ]
gridUnitSI 4.1671151662e-08
position [0.0.0.]
timeOffset 0.0
\ unitDimension [-3.0.1.1. 0. 0. 0.]
unitSl 15399437.98944343
- UH y — ——
® ¢ 10QJENA ®| s
b - n 7 EXWEEL and Research
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ML surrogate models are now an HPC task by themselves
ML scalability becomes important as high fidelity is needed

Invertible PINN strong scaling

N ~ Speedup = Speedup ideal

# Nvidia V100 GPUs
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Reconstructing electron dynamics from radiation spectra @ PB/s
Radiation from plasmas tells us their composition, structure and dynamic evolution

. . ) i . Train neural networks for:
simulation box of the Kelvin-Helmholtz instability
» Forward problem:

particle to radiation

= Compression:
particle to particle latent space

* |nverse problem:
radiation to particle

R : ) ” O(PB/s)
zoom O.F ‘ (a) stream via network/in-memory, avoid storage

vortex region

” O(PB/s)
(b) reduction of produced data before or in stream

J. Kelling, R. Pausch
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Reconstructing electron dynamics from radiation spectra @ PB/s

Radiation from plasmas tells us their composition, structure and dynamic evolution

radiation /

inversion

decoder

particles D

4

encoder

latent z

decoder

iy

particles D’

encoder

\ 4

surrogate

(a) inversion
of physical
reduction

(b) compression

decompression
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(¢) physical
forward
prediction

J. Kelling, R. Pausch

inversion

radiation /

\

\

INN

particles

D

1 x 1 conv

max pool

MLP

N

latent z

MLP

std dev. o
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Standardization of data and metadata for LPI simulations
Input / output data workflows

eicmi

PlCOn@w’"' » open //

Standard
Eralanmann e Pydantic input interface
EuroHPC Federation Platform (EFP) ST e Sl
Federation Platform
MyEFP ) e Research object crate support
i:': | FEE FE FCH B FER e
|__ ocations | nteractive _ orkflows ‘_ eporting — elpdes| ‘. | So f:w re Listing -_‘/ ° Common WOI’kﬂOW Language Support
AccessiD ‘ LI WALDUR | | Sabemand LEx!g @c dio H irZammad {55555[ )
_ J— \ | |  FA.LR. input/output data ecosystem
__ oethePnde «  Ready for agentic Al workflows
J. Lenz “ HPC | Al ‘ |”Quantum
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Complex AI/HPC workflows

Input / output data workflows

Multi-modal
Foundation Model

AN

Check and train on
existing data

\

44 21.4.2026 GSI/FAIR Colloquium

Foundation
Model F F

] Optimized
Stream into ] F P I CO N m ".. parameter
|
|

Inform parameter scan
and FM training

Scan

Check on existing data
and write to repository

F.A.l.R. data repositories
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Lessons learned
Obvious lessons with less obvious consequences

1. We must find the optimum parameters for the intended operation for applications

2. High-quality diagnostics and control are needed to know and set the operational parameters

3. At the same time, we must have high-quality, predictive simulations validated in experiments

4. We lose our high fidelity knowledge as simulation data is becoming too large

5. Our experiments now reach similar fidelity as our simulations, with similar data problems ahead

6. Al helps us connect the microscopic system state to observation and vice versa

concept
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Lessons learned
Obvious lessons with less obvious conseguences

1.

2.

21.4.2026 GSI/FAIR Colloquium

We must find the optimum parameters for the intended operation for applications

High-quality diagnostics and control are needed to know and set the operational parameters

At the same time, we must have high-quality, predictive simulations validated in experiments
We lose our high fidelity knowledge as simulation data is becoming too large

Our experiments now reach similar fidelity as our simulations, with similar data problems ahead

Al helps us connect the microscopic system state to observation and vice versa
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Lessons learned
Obvious lessons with less obvious conseguences

1. Reproducible, systematic, validated parameter scans in experiment and simulation
2. Automation and digitalization of processes

3. Coupling of experiment and simulation via synthetic diagnostics

4. Create optimized, data-driven, physics-informed surrogate models

5. Create a data and workflow infrastructure that is able to handle this automatically

6. Go for an Al-first strategy, not an Al-last/maybe strategy

21.4.2026 GSI/FAIR Colloquium



HELMHOLTZ Matter

Building blocks for

autonomous and intelligent
research in Laser-Plasma Physics
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The pillars of modern Al-first data platforms
These building blocks are universal, yet often with specifics for each facility

Digitalization Data Lifecycle Digital Twins Access and Al
Management Authorization
Data Taking Pipeline Workflows Data Optimization

Automatic data
taking
Meta data

enrichment Provenance graph e Data Lifetime *  Quality

Data Preservation Input/output »  Resources

harmonization paradigme Security *  Multi-

(common data F.ALR State machine Authentication parametric

models) Metadata User personae

Electronic lab Repositories Twinning Team access Simulation

notebooks Knowledge Data-based Tokenized *  What-if

graphs Physics- access scenarios

Control Persistent informed

lab equipment identifiers Simulations Regulatory Knowledge

process
paramters
Ingredients

Interface to lab

21.4.2026 GSI/FAIR Colloquium

Taking
Processing
Analysis

—CER=

Persistent data object

Digital process
representation
Directed acyclic

Multi-scale
Multi-physics
What if?

Workflows

*  Federation
» Data Access
»  Data Sharing

* Rule adherence

=CEO=

Restriction / visibility

e ROI
e Time to solution
*  Throughput

Representation

Discovery

=CER0—

ML-Ops
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The computer science view on reality
Finite state machines as atoms of digital processes

Everything is a state machine, connected via directed graphs
Responsive, reproducible, F.A.l.R. workflows

J s== =3 Response

_ DRESDEN 7 N\ = swmm
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Automated Workflow (rule-based, non-Al)

User query ——» Defined step 1 —% P e Defined step n —  » Response

Al Workflow (non-agentic) sl

User query

|
:
»  Act on user query i » Response
1
1

- e e e e e e o e e e e e e R e e e e e R e e

Agentic Workflow e i e e e I agent

Planning Tool Use Reflection
T ——— . = Makea = Execute actions & Reﬂ?tctofn Resutok |
A | = plan | with tools ’ . reif-' =59 » Response
actions

|

Result not ok




Components of Al Agents

Agent Runtime
Al agent

LLM
. Memory
.woo Reasoning
< . has access to , ‘ Short-term J
Planning
‘ Long-term }
Reflection

% Tools
Prompt (Instructions)

| | |

Task

r 72 Vector search
L 2 engine

{ Role [ @ Web search ]




Legend

[ Reasoning ] [ Tool Use

)

Ul

8 User Query

Planning Pattern

Agentic workflow

Planning

) Response

» 93 Make a Plan > Plan

Task 1

Task 2

Task 3

|

% Tools

<

L_%o Generate response

Execute Task |—»

<

HDD Results

All tasks
completed?

YES




Legend

[ Reasoning ] [ Tool Use

)

Ul

8 User Query

Tool Use Pattern

Agentic workflow @

Tool Use

Web M 2
Search Cmail

r_2 Vector 00

LQJ Search 9 Slack

Q Response
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O%O Generate response [¢———— [|[||:| Results




Reflection Pattern

Legend Agentic workflow @

[ Reasoning ] [ Tool Use ]

% Tools

Ul
Reflection

8 User Query » |=| Execute Task [—> [l[lu Results |——» O%o Generate response —» () Response
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The many layers of Al
Al understands and acts on inputs, producing actionable outputs

Agentic Al

Foundation Model

Optimization

Finite State Machine

(repository, experiment station, Output
simulation, Al model, electronic lab

book)
DRESDEN

. I \ = .
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ML-Ops and Agent-Ops as the next step in evolution of workflows
Al models and agents combine processes and data

Ethical aspects

Sigzlg?cl)en Data Engineering Operationalizing

Statistical
formulation
Exploration

Cleaning
Normalizing
Feature
Engineering
selection
Training

Evaluation
Registration
Deployment

Monitoring

Retraining

> C
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> ©
E S
€ E
o 2

Explainabilit
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How should we build this?
A birds-eye view on the digital infrastructure we will need

(Agentic) Al layer

Federated Al layer

Access-controlled ML-model repositories

F.A.lLR., semantic data and metadata Access-controlled data repositories

Secure data access and experimental control layer / facility middleware as a sandbox
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Can we build this?
We align well with national and international research strategies

Hightech Agenda
Deutschland

» Al-sovereignity builds on data from infrastructures

\\ » Fusion strategy needs a path from research to power plant
\\ | » Laser-plasma research is key ingredient
 We have the building blocks, but we must put them together
‘ Hightech
Agenda

DEUTSCHLAND |
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