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Autonomous, intelligent
research facility operation



A strategy across centers and programs in Helmholtz
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We integrate digital solutions for innovating facility operation and accelerating science

Particle Physics, Photon Science, Neutron Science, Astroparticle Physics, Accelerator Physics, Detector
Physics, Quantum Physics, Matter under Extreme Conditions, Material science, Life sciences



Integration of digital solutions in the research life cycle
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Driving scientific discovery and creating a competitive advantage for our research facilities

Hypothesis finding
Modeling and Simulation Experiment Planning and

Execution

Instrument, machine and
facility control

Data transport and lifecycle
management

Data analysis and
knowledge extraction

Human in the loop and
reuse of data



Joining forces on the national and international level
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Helmholtz, NFDI, ErUM, EOSC and beyond



Laser fusion success increases interest
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A joint vision for research facilities

Dagstuhl Seminar 23132 / Dagstuhl Reports 13
AI-Augmented Facilities:
Bridging Experiment and Simulation with ML

März 2023



Following up at ISC 2026 (Where are the Germans?)
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AI and facility advances set a high pace



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

EuroHPC Center of Excellence for Plasma Simulations PLASMA-PEPSC

 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)



Plasma Accelerators and
Free Electron Lasers
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PICon GPU

Laser-Wakefield Acceleration



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

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

laser pulse

electron density

electron bunchelectrons

foil
witness bunch

acceleration

R. Pausch, A. Debus



Shrinking particle accelerators from km to cm
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Plasma-accelerated of electrons drive compact X-ray free electron lasers (XFELs)

Labat, M., Nat. Photon. 17, 150–156 (2023)

3 km

3 cm



Lessons learned
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Obvious lessons with less obvious consequences

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



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

 Including the laser near field in simulations gives better
comparison to measurements

 Laser quality control is key to application readiness

 Plasmas act as nonlinear, resonant amplifiers of laser field
variations. This is detremental for applications, but also
interesting for diagnostics

K. Steiniger



Lessons learned
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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



Finding the optimum parameters for operation with machine learning

21.4.2026 GSI/FAIR Colloquium16

ML-guided simulation-based inference is a necessity to ensure optimum XFEL operation

J. Tiebel, R. Pausch

Each dot represents a
full-scale HPC simulation



A vision: Staging of plasma accelerators
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This has A LOT of challenges, e.g. dephasing, depletion, inter-stage coupling, etc.



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

 No radial symmetry
 Large transverse extent
 Beyond dephasing/depletion length

A. Debus



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

A. Debus



Lessons learned
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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



Matter under extreme Conditions
From Accelerators to Fusion



HED physics
@ fs & nm resolution
@ PB/s data rates
@ 20 fps
@ o(10) MW power consumption



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

T. Kluge + K. Zeil and many others



The nonlinear nature of plasma dynamics is a curse and a blessing
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We need full spatial resolution + long simulation times + many simulations

I

T. Kluge + team



Lessons learned
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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



Plasma probing reaches fs/nm resolution
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Comparing simulation to experiment at atomic resolution



Plasma probing reaches fs/nm resolution

21.4.2026 GSI/FAIR Colloquium27

New experimental capabilities enable unprecedented comparison to models
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T. Kluge, L. Huang



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



Plasma probing reaches fs/nm resolution
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Coherent photon by photon radiation transport, per-atom atomic state calculation
Electron density

double slit In-situ scattering image on detector



Plasma probing reaches fs/nm resolution
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Well-designed targets let us investigate dynamics of laser surface interaction

T. Kluge



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

B. Marré



Plasma probing reaches fs/nm resolution
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We now have spatially and temporally resolved ionization dynamics in experiment

Huang, L., et al. Nat Commun 17, 3219 (2026)



Lessons learned
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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



Coupling experiment and simulation



ML-acceleration of scattering image computation (forward)
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Physics-informed ML models allow for fast synthetic diagonstics

SAXS image Reconstruction

RAAR NN Kernel Ground Truth

GISAXS-Data from
Laser Plasma Experiment

J.Kelling, N. Hoffmann



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

N. Hoffmann

SAXS image Reconstruction

RAAR NN Kernel Ground Truth



ML surrogate models must use a single system description
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Multi-modal AI is a necessity, as every diagnostic tells us something else about the system

SAXS image Reconstruction

RAAR NN Kernel Ground Truth

Particle energy
spectra

Shadowgraphy

Radiation
spectra

(GI-)SAXS,
WAXS

Laser properties

J.Kelling, N. Hoffmann



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

Invertible
Neural Network

Benefits

 Recover ambiguous
mapping

 Uncertainty quantification

Inputs:
Laser Energy
& Plasma Density Profile

Output:
Particle Energy SpectrumJ.Kelling, N. Hoffmann



We produce PB/s data with our simulations at high fidelity
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We cannot store this and thus need to stream, reduce and keep the relevant information

R. Pöschel

F. Poeschel



ML surrogate models are now an HPC task by themselves
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ML scalability becomes important as high fidelity is needed
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Reconstructing electron dynamics from radiation spectra @ PB/s
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Radiation from plasmas tells us their composition, structure and dynamic evolution

Train neural networks for:
 Forward problem:

particle to radiation
 Compression:

particle to particle latent space
 Inverse problem:

radiation to particle

J. Kelling, R. Pausch



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

J. Kelling, R. Pausch



Standardization of data and metadata for LPI simulations
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Input / output data workflows

PICon GPUIn Out

J. Lenz

• Pydantic input interface

• Research object crate support

• Common Workflow Language support

• F.A.I.R. input/output data ecosystem

• Ready for agentic AI workflows



Complex AI/HPC workflows
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Input / output data workflows

PICon GPUPICon GPUPICon GPUPICon GPUPICon GPU Optimized
parameter

scan
Stream into
Foundation

Model

Multi-modal
Foundation Model

Inform parameter scan
and FM training

F.A.I.R. data repositories

Check on existing data
and write to repository

Check and train on
existing data



Lessons learned
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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. AI helps us connect the microscopic system state to observation and vice versa



Lessons learned
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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. AI helps us connect the microscopic system state to observation and vice versa



Lessons learned
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Obvious lessons with less obvious consequences

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 AI-first strategy, not an AI-last/maybe strategy



Building blocks for
autonomous and intelligent

research in Laser-Plasma Physics



The pillars of modern AI-first data platforms
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These building blocks are universal, yet often with specifics for each facility

Digitalization

Data Taking
• Automatic data

taking
• Meta data

enrichment
• Data

harmonization
(common data
models)

• Electronic lab
notebooks

Control
• lab equipment
• process

paramters
• Ingredients

Data Lifecycle
Management

Pipeline
• Taking
• Processing
• Analysis
• Provenance
• Preservation

F.A.I.R
• Metadata
• Repositories
• Knowledge

graphs
• Persistent

identifiers

Digital Twins

Workflows
• Digital process

representation
• Directed acyclic

graph
• Input/output

paradigme
• State machine

Twinning
• Data-based
• Physics-

informed
• Simulations
• Multi-scale
• Multi-physics
• What if?

Interface to lab Persistent data object Workflows

Access and
Authorization

Data
• Federation
• Data Access
• Data Sharing
• Data Lifetime

Security
• Authentication
• User personae
• Team access
• Tokenized

access

Regulatory
• Rule adherence

Restriction / visibility

AI

Optimization
• ROI
• Time to solution
• Throughput
• Quality
• Resources
• Multi-

parametric

Simulation
• What-if

scenarios

Knowledge
Representation

Discovery

ML-Ops



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

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

Query Response



ML-Ops and Agent-Ops as the evolution of Workflows
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AI models and agents combine processes and data



ML-Ops and Agent-Ops as the evolution of Workflows
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AI models and agents combine processes and data



ML-Ops and Agent-Ops as the evolution of Workflows
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AI models and agents combine processes and data



ML-Ops and Agent-Ops as the evolution of Workflows
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AI models and agents combine processes and data



ML-Ops and Agent-Ops as the evolution of Workflows
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AI models and agents combine processes and data



The many layers of AI
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AI understands and acts on inputs, producing actionable outputs

Finite State Machine

(repository, experiment station,
simulation, AI model, electronic lab

book)

Input OutputQuery Result

Agentic AI

Foundation Model

Optimization

Digital Twins

Finding

Analysis



ML-Ops and Agent-Ops as the next step in evolution of workflows
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AI models and agents combine processes and data
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How should we build this?
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A birds-eye view on the digital infrastructure we will need

Secure data access and experimental control layer / facility middleware as a sandbox

Workflows as digital twins of experimental processes

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

Access-controlled workflow repositories

ML-Ops / Agent-Ops infrastructure Access-controlled ML-model repositories

(Agentic) AI layer

Federated AI layer



Can we build this?
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We align well with national and international research strategies

• AI-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


