Experiment is the ground truth.

The role of experimental facilities in the future of reactor physics
simulation.
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Thank you. I want to start with a sentence that should be uncontroversial in this room — and I will spend the next nine minutes arguing that, in practice, we are no longer behaving as though it is true. Experiment is the ground truth of reactor physics. Every prediction we make, every margin we claim, every safety case we sign — all of it ultimately rests on integral data measured in a real facility. That floor is what I want to talk about today.
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A paradox this plenary must name

Simulation rises. The infrastructure that validates it contracts.

|g| Simulation capability 1

GPU Monte Carlo, continuous-
energy fidelity

Exascale multiphysics coupling
Al/ML surrogates and digital twins
Integrated platforms

Physics based Al assisted
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Look at the program of this conference. Majority of my colleagues will tell you, correctly, that simulation capability is on an exponential curve. GPU Monte Carlo at continuous-energy fidelity. Exascale multiphysics. AI surrogates. Integrated platforms. All real, all impressive.
Now look at the other column. In Europe alone, 318 research reactors have been built since 1950. Thirty are operating today. Mean age sixty years,. Meanwhile, the scientific literature on research reactors has grown roughly eight-fold since the 1970s. Demand rises, infrastructure contracts. And the experimentalists who built the benchmarks we still cite are retiring faster than we are training their successors.
This is not an academic gap. It bounds every prediction the previous five speakers have described. That is the paradox I want this plenary to name out loud.



The validation gap

The simulation methods we use today
are based on experiments and codes
developed 45-50 years ago.

How can we apply them to fundamentally new designs — fast-
spectrum SMRs, molten-salt reactors, Gen-1V systems, fusion blankets
— for which no validation data exists?

Extrapolation without validation is not prediction. It is assumption.
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Let me be concrete about what I mean by old.
The simulation methods we use in this room today — the cross-section libraries, the transport methods, the benchmark suites, the validation protocols — are built on experiments and code development carried out forty-five to fifty years ago. ENDF/B was born in the late 1960s. The ICSBEP backbone benchmarks were largely measured in the 1970s and 1980s. The deterministic methods underpinning most production codes were formalised in the same era.
And now we want to apply those methods to fast-spectrum SMRs, molten-salt reactors, Gen-IV systems, and fusion blankets — for which no integral validation data exists. Not sparse data. No data.
Extrapolation without validation is not prediction. It is assumption.
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Why do we need experiments ?

Three categories. The gap in each is different.

Nuclear data

Differential and integral
validation. Gaps for
minor actinides, fast-
spectrum materials,
fusion-relevant nuclides.
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Integral
benchmarks

ICSBEP and IRPhEP
coverage is thin for fast-
spectrum, MSR, HTGR,
and fusion blanket
configurations.

&

Multiphysics

Neutronics—TH—fuel
behavior- mechanics +
full uncertainty. Almost
non-existent for
innovative reactors.
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Explain integral experiments and differential parameters – explain


Concretely, simulation depends on experiments in three distinct ways, and the gap is different in each.
First, nuclear data — differential and integral validation of cross sections, covariances, decay and yield. We know where the gaps are: minor actinides, structural materials under fast spectra, fusion-relevant nuclides.
Second, integral benchmarks. ICSBEP and IRPhEP are the backbone of code validation, and the coverage is thin where the next generation of reactors is going — fast spectrum, molten salt, HTGR, fusion blankets. We are validating tomorrow's reactors against yesterday's geometries.
Third — and this is the most underdeveloped category — coupled-effect data. Neutronics with thermal-hydraulics with fuel behaviour with mechanics, measured together with full uncertainty budgets. Almost non-existent for innovative reactors. And yet our multiphysics codes claim to simulate exactly those couplings.
All three gaps are limited by the same thing: access to highly instrumented, uncertainty-quantified facilities.



The V&V, UQ trap

Al and high-fidelity codes do not escape the experimental base. They amplify it.

1. No modern integral benchmark — for your reactor concept or material

3. No credible VVUQ — only procedural compliance

2. No quantified bias — nothing to measure the code against

No licensing pathway — when the regulator pushes back

Al is a multiplier on the data we have, not a cure for the data we don't.
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VVUQ stands for Verification, Validation, and Uncertainty Quantification. 

Here is what happens when those gaps are real and we pretend they are not. The chain is short and unforgiving.
Step one: no modern integral benchmark exists for your reactor concept, your spectrum, or your material. Step two: you cannot quantify the bias of your code, because there is nothing to measure it against. Step three: VVUQ becomes a procedural exercise — boxes ticked, uncertainties assumed rather than measured. Step four: when the regulator pushes back on your innovative reactor licence, you do not have an answer.
And I want to address something to the AI and surrogate community directly — and I say this as someone who uses these methods. A surrogate model trained on a sparse, dated experimental base does not transcend that base. It learns the scarcity. It propagates the scarcity. The acceleration is real, but it is not a substitute for new measurements. AI is a multiplier on the data we have, not a cure for the data we don't.




A modern experiment is not a 1970s experiment

Same reactor, different deliverable.

Point detectors, limited Distributed, time-resolved, multi-

Instrumentation
coverage modal

: Often implicit, reconstructed  Full uncertainty budget with the
Uncertainty

later data
Drawings, manual As-built CAD, digital twin of
Geometry .
measurement facility
. . , hine- le, FAIR
Access Reports, limited distribution Open, machine-readable

data
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If we are going to build new nuclear facilities, they cannot just be the old ones rebuilt. The scientific deliverable has changed.
A legacy experiment gave you point detectors and limited spatial coverage. A modern one gives distributed, time-resolved, multi-modal sensing. Legacy uncertainty was often implicit, reconstructed years later from a campaign report. Modern uncertainty is a budget delivered with the data, traceable to standards. Geometry used to be a folder of drawings; now it is as-built CAD with metrology — a digital twin of the facility itself. Access used to mean a report on a shelf; now it must mean FAIR, machine-readable, open benchmark protocols.
Most importantly: a legacy experiment was designed to validate a specific code version. A modern experiment must serve any code — the ones we run today, and the ones we have not written yet. The data lifetime matters more than the reactor lifetime.
The FAIR Principles are a set of guiding guidelines designed to improve the Findability, Accessibility, Interoperability, and Reusability of digital assets, particularly scientific research data
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Where we are — and where we must go

The gap is real. So is the opportunity.

Today Tomorrow — by design

* Most graduates have never seen e Physics-based Al/ML for real-time,
— let alone touched — a reactor high-fidelity simulation

Benchmarks built for reactors e “Real” digital twins for real-time
that already operated diagnostics and control

Experimental infrastructure e Immersive VR visualization and
ageing, “dying” and not replaced digital 1&C

How can one design a novel reactor e Autonomous/automated control
without ever having seen one? architectures
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Experimental infrastructure ageing and it is not replaced
Make it stronger
So where does this leave us? And more importantly, where do we go from here?
The left column is the diagnosis we have been building. Most graduates have never seen a reactor. Benchmarks were built for reactors that already operated. Infrastructure is ageing faster than it is replaced. And Haghighat's question from the VT summit applies here too: how can you design a novel reactor without ever having seen one?
The right column is the answer — but only if we build it in deliberately. Physics-based AI and ML trained on the facility's own measurements, not borrowed from somewhere else. Real Digital twins for real-time diagnostics and control. Immersive VR for remote experiment preparation and training. Digital instrumentation and control. Autonomous architectures validated at zero power before deployment in a commercial plant.
The gap is real. So is the opportunity. The question is whether we design the next generation of facilities to exploit it, or let the opportunity pass while we continue borrowing credibility from experiments done fifty years ago.



Three asks for this community

Treat experimental infrastructure as shared science.
Not national line items. A portfolio across OECD/NEA, Euratom, bilateral programs — the
way ITER, ISS, and CERN are funded.

A research reactor is not a cost. It is investment. The Dutch PALLAS study = 1-3y = 1-6
G¥€ saved per downstream commercial nuclear project through the engineers and
expertise it trains. Build the reactor first. Build the power plant faster.

Make the experimental dependency visible in every paper.

Cite the integral benchmark your code was validated against. If there isn't one, say so.

Fund UQ-grade benchmarks before the current ones retire.

Recovery costs more than retention. The experimentalists are retiring.
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So I will close with three concrete asks. None of them require a reactor to be poured tomorrow. All of them are within our collective power.
First: treat experimental infrastructure as shared scientific infrastructure. Not as a national line item that competes with everything else in a small country's research budget. A coordinated portfolio across OECD/NEA, Euratom, and bilateral programs — the way ITER, ISS, and CERN are funded.
And for those in the room who ask whether this is affordable: a study published earlier this year on the Dutch PALLAS reactor — a 30-megawatt isotope production research reactor — quantified between one and six billion euros of savings per downstream commercial nuclear project, and one to three years of schedule, through workforce qualification alone. One research reactor. 

Second: make the experimental dependency visible in every simulation paper we publish. If your code was validated against an integral benchmark, cite it. If it was not, say so. The dependency on experimental data is real — let it show in the literature. This is the cheapest reform on the list and we can start it in the next conference proceedings.
Third: fund the next generation of UQ-grade benchmarks before the current generation retires. The operators, the experimentalists, and the facilities are disappearing faster than the codes. Recovery is always more expensive than retention. We are about ten years from a point of no return on some of this expertise.




You cannot validate a 2030 reactor
against a 1970 experiment.

The vision for reactor physics is not only faster codes or smarter Al. It is the
experimental foundation they stand on. We build that foundation together, or
predictive credibility erodes regardless of how fast the simulation runs.
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You cannot validate a 2030 reactor against a 1970 experiment.
The vision for reactor physics is not only faster codes or smarter AI. It is the experimental foundation they stand on. We build that foundation together, or predictive credibility erodes regardless of how fast the simulation runs.
But the foundation is already being built.
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Action:

Versatile European Reactor fOr Neutron

Irradiation and nuClear reseArch

One facility: ZPR + MPPR

Zero-power-reactor: Education,
training, benchmark experiments

10 MW multi-purpose core:

Research, isotope production,
neutron beam experiments,
Multiphysics experiments

Consortium model: EU and non-EU
partners

veronica.ijs.si
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X VERONICA

Why this model

No field of science performs R&D
without research infrastructure

Zero-carbon society, SMRs, Gen-
IV R&D, licensing = all require
experimental data

Regional shared infrastructure:
many countries, proportional
funding
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Veronica— the Versatile European Reactor for Neutron Irradiation and Nuclear Research. One containment, two reactors: a zero-power facility and a ten-megawatt multi-purpose core. Designed for research, isotope production, neutron beam experiments, education, and benchmark experiments. EU and non-EU consortium partners. veronica.ijs.si.
The right column answers the question some of you are already asking: why this model? Because no field of science and engineering performs research and development without research infrastructure. Because a zero-carbon society, new SMR and Gen-IV deployment, and the licensing of those systems all require experimental data that does not currently exist for the relevant configurations. Because regional shared infrastructure — many countries, proportional funding — is the only model that scales.
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The research reactor of 2030

Not rebuilt from the past. Designed for the future.

Versatile Physics-based Fully instrumented

Al / ML
Surrogates trained on

the facility's own

State-of-the-art nuclear
instrumentation —
distributed, time-

Adaptable spectrum,
geometry, materials

measurements )
resolved, multi-modal

Digital twin + .
Immersive VR Digital 1&C Open benchmarks
Real-time diagnostics Autonomous control Every campaign:
and sensor — remote architectures validated uncertainty-quantified,
experiment preparation at zero power before machine-readable, FAIR-
and training deployment protocol benchmark

Thank you. Luka Snoj - JSI - luka.snoj@ijs-si
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Physics-based AI and machine learning, trained on the facility's own measurements — not borrowed from someone else's configuration. Fully instrumented: state-of-the-art nuclear instrumentation, distributed, time-resolved, multi-modal, uncertainty-quantified from the first campaign.
Digital twin integrated with immersive VR: real-time diagnostics, sensor fusion, and the ability for consortium partners anywhere in Europe to prepare experiments digitally before arriving at the facility. Digital instrumentation and control, with autonomous control architectures validated at zero power before they are ever deployed in a commercial plant. And open benchmarks by default — every campaign delivers an uncertainty-quantified, machine-readable, FAIR-protocol benchmark. Not as a supplementary deliverable. As the primary output.
And above all of this: versatile. Adaptable spectrum, geometry, and materials — designed to serve every reactor concept this community will need in the next fifty years, including the ones we have not yet designed.
That is the ground truth we are building toward.
The FAIR Principles are a set of guiding guidelines designed to improve the Findability, Accessibility, Interoperability, and Reusability of digital assets, particularly scientific research data




Europe built 318 research reactors. 30 are

operating today.
None of the 288 that closed were replaced.

The question is not whether we can afford these

facilities.
It is whether we can afford not to have them.



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12

