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▪ Automate the entire 

experiment, including decision-

making

▪ Liberate human scientist to 

focus on scientific insight

▪ Accelerate materials 

discovery

Vision: Autonomous Experiments



▪ The goal in x-ray scattering is to determine
the structure of a material

X-ray Scattering



Autonomous X-ray Scattering
▪ Automate entire experiment

▪ Instrument

▪ Data analysis

▪ Decision-making

▪ Improves efficiency, accelerates discovery

▪ Liberates humans to focus on science

Noack et al. Scientific Reports 2019, 9, 11809; 
2020, 10, 1325; 2020, 10, 17663
Noack et al. Nature Reviews Physics 2021, 3, 685
Yager et al. Nanotechnology 2023, 34, 322001



▪ Separate the data analysis from the 

decision-making

▪ Dimensional reduction

▪ Abstraction

▪ Three processes (easy stop/restart)

▪ measure (Bluesky)

▪ analyze (SciAnalysis)

▪ decide (gpCAM)

▪ Communication is “thin”

▪ m→a: Pointer to data

▪ a→d: Result vector

▪ d→m: Parameter-space position

Implementation



▪ Construct surrogate model

▪ Fit/interpolate data

▪ Select kernel to match physics

▪ Estimate hyper-parameters 
that match data (lengthscales, 
periodicity, etc.)

▪ Calculate uncertainty surface

▪ Construct objective function

▪ Search for maximum in 
objective

▪ Control behavior: gradients, 
cost, etc.

▪ As we iterate, errors decrease and 
surrogate model improves

Noack et al. Scientific Reports 2019, 9, 11809; 2020, 10, 
1325; 2020, 10, 17663
Noack et al. Nature Reviews Physics 2021, 3, 685
Yager et al. Nanotechnology 2023, 34, 322001

Algorithm: Gaussian Process



Stein, Wright, Yager, Doerk, Black
Nature Communications 2016, 7, 12366

Self-Assembling Materials
▪ Blends of self-assembling materials become a ‘responsive’ resist

▪ Template (pitch, duty cycle) selects morphology



▪ Autonomy discovered numerous novel morphologies

Exploration of Self-Assembly

Doerk, Stein, Bae, Noack, Fukuto, Yager
Science Advances 2023, 9, eadd3687



New Nano-structures

Doerk, Stein, Bae, Noack, Fukuto, Yager
Science Advances 2023, 9, eadd3687

▪ Autonomy discovered numerous novel morphologies





Materials science

▪ Layering self-assembling materials can 
generate new (non-equilibrium) structures

Sebastian Russell, Suwon Bae

New Nano-structures



AI assistants



Domain-specific Chatbot

Large Language Models

▪ LLMs (c.f. ChatGPT) enable remarkably 
coherent dialog on any topic

▪ They sometimes “hallucinate”

▪ This can be solved by giving the bot 
domain-specific text

Yager Digital Discovery 2023 D3DD00112A





Experimental Assistant

Virtual Scientific Companion

▪ NLP allows scientist to plan 
experiments in natural language

▪ LLM helps refine experiment, 
generates Python code to 
execute at beamline

▪ Dialog with models and analysis 
pipelines

Esther Tsai
Early Career Award

Potemkin, Soto, Li, Yager, Tsai arXiv 2024, 2312.17180



Future: AI Assistants

Nanoscience Chatbot

▪ Find/discuss relevant information

▪ Brainstorming

Data Navigator

▪ Organize data

Experimental Assistant

▪ Plan/control experiments (including AE)

Future: Swarm of AI Agents

▪ Specialized agents for experiments, data, 
publications

▪ Agents talk to each other; surface only 
important topics to human

▪ Swarm effectively expands the human’s 
memory, planning, and thinking



▪ Autonomous experiments can explore arbitrary 

science problems

▪ Imaging/mapping

▪ Combinatorial

▪ Real-time synthesis/processing

▪ Language models can automate diverse science 

tasks

Summary
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