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SNS STS Grand Challenge Review & Prioritized First Instruments

Executive Summary

Initiated in late 2025 at the request of the Neutron Sciences Directorate, this comprehensive
report outlines a strategic, community-driven effort to define the scientific priorities and evaluate
instrument concepts for the Second Target Station (STS) at Oak Ridge National Laboratory. Led
by Committee Chairs Adrian Brigger (president of the Neutron Scattering Society of America)
and Hillary Smith (past chair of the SNS-HFIR User Group Executive Committee), the initiative
engaged close to 100 self-nominated neutron scattering community volunteers alongside
specialized external reviewers to rigorously assess the original Grand Challenges document,
Advancing U.S. Leadership: the Science Case for a Second Target Station at the Spallation
Neutron Source — Report on the Scientific Grand Challenges and Renewed Vision for the Second
Target Station [1], and recommend an optimized suite of instruments to generate the most
impactful first science at STS. Five Science Theme Advisory Committees (STACs) were formed,
spanning Quantum Materials (QM), Materials Science & Engineering (MSE), Chemistry &
Catalysis (CC), Soft Matter & Polymers (SMP), and Biological Systems (BIO)—to provide granular
gap analyses, consider feedback from over 75 peer reviews, and develop initial white papers of
high-level instrument concepts.

Community and non-neutron expert feedback strongly emphasized shifting the scientific framing
away from upgrades or improvements to characterization toward a unique, transformative, and
physics-driven measurement regime. Key recommendations included addressing material
behavior across multiscale configurations under extreme environments, tracking transient
intermediates in real time, and highlighting how the STS source's distinct high peak brightness,
low 15 Hz repetition rate, and broad cold neutron bandwidth overcome the historic “sensitivity
gap” to achieve outcomes impossible with X-ray, electron, or lab-based probes. Furthermore,
reviewers urged a pragmatic approach to integrating upstream artificial intelligence (Al) by
redefining Al from a postprocessing tool into an active, infrastructure-embedded capability for
closed-loop autonomous experimentation, live data-quality assessment, and high-fidelity “ground
truth” digital twins. To transition the proposal from 10 STAC-ideated concepts into a global
instrument suite, the STACs consolidated and refined the portfolio during an in-person workshop
to 7 optimized instruments.

These candidate instruments were systematically evaluated against strict performance metrics,
centering on their technical readiness for a 2035 deployment, unique leverage of STS properties,
multifield scientific impact, and their potential to broaden the national footprint of neutron science
by making it accessible to scientists who currently do not make use of neutrons. Ultimately, a
rank-choice voting system adjudicated by the 27 STAC voting members and chairs established a
community consensus priority list for the subprojects’ initial buildout. The final selection sequence
designated (1) Dynamic Multimodal Imaging, (2) Multiscale W—VSANS with Combined Imaging,
and (3) Agile Polarized Diffractometer as the three primary instruments, and the (4) Small-Sample
CN Spectrometer and (5) Macromolecular Crystallography as the top alternates. This finalized
blueprint guarantees that the Department of Energy’s Basic Energy Sciences program secures a
world-leading, highly competitive, and immediately productive platform to drive energy innovation,
advanced manufacturing, and global technological competitiveness.
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Introduction

This community effort was initiated in late 2025 at the request of Jon Taylor, Associate Laboratory
Director of the Neutron Sciences Directorate (NScD), Oak Ridge National Laboratory (ORNL).
Adrian Brugger, President of the Neutron Scattering Society of America (NSSA), and Hillary
Smith, Chair of the SNS-HFIR User Group Executive Committee (SHUG-EC), were asked to lead
this community effort as committee chairs. The core priorities of this initiative are defined as
assessing the report, Advancing U.S. Leadership: the Science Case for a Second Target Station
at the Spallation Neutron Source — Report on the Scientific Grand Challenges and Renewed
Vision for the Second Target Station [1] (hereinafter referred to as the Grand Challenges
document), and recommending instrument concepts for the Second Target Station (STS) before
Critical Decision (CD)-2 project review. In January 2026, SHUG-EC and NSSA issued a joint call,
asking members of the scientific community to self-nominate for the formation of STS Science
Theme Committees (STAC). STAC co-chairs were nominated by the two chairs, and the
committees were populated in a consensus fashion to achieve the broadest possible coverage of
scientific and technical expertise in the various areas of inquiry. The STACs were established to
help define the scientific priorities and recommend instrument concepts for initial development at
STS. Close to 100 members of the community volunteered to participate in this effort. Additionally,
community members nominated colleagues from outside the neutron community to provide peer
review of the Grand Challenges document.

Science Theme Advisory Committees

Five STACs were formed, one around each of the five themes outlined in the Grand Challenges
document. The committee chairs appointed two university faculty members to co-chair each
STAC. In consultation with the committee chairs, each STAC was populated with three academic
colleagues who participated in remote meetings and the in-person workshop, one to three
additional colleagues who participated in remote meetings in advance of the workshop, and one
to three non-ORNL technical consultants who participated in the in-person workshop. Of these
participants, only the five core committee members who were present at the workshop were
eligible to vote in the final selection process. Table 1 provides a comprehensive list of the STAC
membership and technical consultants. Additionally, ORNL NScD management provided internal
technical consultants to deliver feedback on instrument concepts to the STACs both remotely and
at the workshop.
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Chairs

STAC Biological
Systems
Gloria Borgstahl

Drew Marquardt

Co-chairs

Table 1. STAC membership.
Adrian Briigger and Hillary Smith

Chemistry &
Catalysis

Efrain Rodriguez
Julia Zaikina

Materials Science

& Engineering
Lesley Frame
George Nelson

Quantum
Materials
Martin Mourigal
Daniel Shoemaker

Soft Matter &
Polymers

Rana Ashkar
Jeffrey Richards

Aina Cohen
Elizabeth Kelley
Timothy Mueser
Andy Steven

Committee
member

Eric Bloch

Hayden Evans
Annalise Maughan
Olivier Delaire

Klaus-Dieter Liss
Victor H. Ramos-
Sanchez

Martin Wissink
Brent Fultz

Sara Haravifard
Steven May
Ni Ni

Emily Davidson
Whitney Loo
Connie Roth
Matt Helgeson

Alec Follmer
Flora Meilleur

External
technical
expert

Craig Brown

Markus Strobl
Anders Kaestner
Alexander Long

Nicholas Butch

John Barker

Jan llavsky
Ramanan
Krishnamoorti
Andrew Jackson
Ryan Poling-
Skutvik

Qingteng Zhang
Rob Dalgliesh
Tommy Nylander

ORNL
technical
consult

Shuo Qian
Erik Watkins
Eugene Mamontov

Eugene Mamontov
Jue Liu
Yaohua Liu

Saurabh Kabra
Ke An

Jue Liu
Yuxuan Zhang

Note: Not all committee members travelled to the workshop.

Matthew Stone
Stuart Calder
Yaohua Liu

Changwoo Do
Erik Watkins
Eugene Mamontov

Throughout the two months preceding the workshop, the STACs worked remotely to achieve two
primary pre-workshop goals: (1) review the Grand Challenges document and (2) prepare two
instrument concepts designed to maximize the global scientific impact of STS. To facilitate this
process, committee chairs met weekly with STAC co-chairs to discuss project needs and goals.
Furthermore, NScD leadership met with the STAC co-chairs to provide detailed overviews of the
STS project, the Grand Challenges document, and historical instrument concepts, while the STAC
co-chairs convened regularly with their respective committees to fulfill their pre-workshop

objectives.

STS Grand Challenges

A Grand Challenges document [1] issued by ORNL in March 2026 outlines the 10 critical fields of
inquiry within the U.S. Department of Energy (DOE) mission scope listed in Table 2.
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Science theme

Quantum
Materials

Materials
Science &
Engineering

Chemistry &
Catalysis

Soft Matter &
Polymers

Biological
Systems
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Grand challenges

Grand Challenge 1: Discover
quantum materials that approach
fundamental limits for information
and energy technologies

Table 2. Grand Challenges document critical fields of inquiry.

STS relevance

STS will accelerate discovery of quantum
materials and understanding of quantum
states, enabling advancements in quantum
computing, spintronics, and quantum sensing

Grand Challenge 2: Advance
understanding of quantum
coherence and fundamental
dynamics in materials platforms

STS will provide unique understanding of
entanglement and decoherence through
entanglement withess measurements of
quantum states.

Grand Challenge 3: Accurate
digital twins to accelerate
discovery and development of new
materials

STS will provide real-time, high-resolution
data on materials under extreme conditions,
confirming predictive models and accelerating
certification.

Grand Challenge 4: Materials and
processes for autonomous
construction innovation

STS will enable unique in situ imaging and
real-time measurements of strain,
solidification, and deformation—essential for
additive manufacturing and robotics-based
construction.

Grand Challenge 5: Unlocking the
fundamental mechanisms
governing catalysis

STS will visualize catalytic reactions in
realistic environments, revealing reaction
mechanisms critical for energy and chemical
production.

Grand Challenge 6: Advancing
chemical science for a resilient
energy future

By probing reaction pathways and molecular
transformations, STS will enable
developments of advanced fuels, separation
technologies, and energy systems.

Grand Challenge 7:
Understanding dynamics in
nonequilibrium systems

STS will capture molecular motions and
mesoscale reorganization during flow, curing,
or ion transport—essential for energy and
manufacturing materials.

Grand Challenge 8: Mastering
hierarchical assembly and
multiscale design

STS will provide simultaneous multiscale
observation of assembly processes, revealing
how structure and chemistry determine
material function, unlocking the full potential of
additive manufacturing.

Grand Challenge 9: Engineering
the principles of life

STS will enable neutron protein
crystallography on small samples, unlocking
structure and hydrogen bonding data for key
enzymes and drug targets.

Grand Challenge 10:
Understanding the molecular basis
of health, aging, and well-being

STS will reveal biomolecular interactions,
conformational changes, and proton dynamics
critical to disease mechanisms, bioenergy,
and synthetic biology
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Peer Review of the Grand Challenges Document

In parallel to the work of the STACs, the committee chairs actively solicited feedback from the
broader scientific community on the Grand Challenges document. Feedback was requested from
SHUG-EC and NSSA executive committee members, community members who responded to the
call for community support, previous STS workshop participants, and scientific leaders who are
not traditional neutron users. Notably, feedback was intentionally sought from academics who are
not regular users of neutron sources to assess whether the proposed scientific challenges are
broadly important and exciting, where STS could offer uniquely enabling capabilities, and where
complementary or competing techniques should also be considered. The evaluation guidance
provided to all reviewers is detailed in 0. Through this comprehensive peer review process, nearly
75 reviews were received, corresponding to an overall response rate of 24%. These reviews were
distributed to the relevant STAC co-chairs, and synthesized summaries of the feedback have
been integrated into the corresponding sections of the final report for each STAC.

Workshop Agenda

The workshop agenda is provided in Appendix B. The goal of the workshop was to produce a final
recommendation for a globally optimized instrument suite for initial buildout of STS. To meet that
goal, STAC members were supported by ORNL technical advisors and non-ORNL technical
advisors who evaluated the feasibility of the instrument concepts being developed. The complete
roster of workshop attendees is provided in Appendix C.

The first day’s meetings began with presentations from each STAC in which the co-chairs
discussed the grand challenges related to their science theme area, elaborated on science areas
that could be addressed by STS, and presented two instrument concepts that serve these science
questions. This session was followed by discussion throughout the afternoon in which STACs
combined to meet and discuss areas of potential overlap in their instrument concepts. These
discussions consolidated the instrument concepts from 10 to 7.

The second day’s meetings began with presentations from each STAC of their revised instrument
concepts and discussion of the “Day 1” experiments that are proposed as the most exciting
scientific problems to be immediately addressed after construction of the instrument. Each
presentation was followed by discussion and questions. This large-group discussion was followed
by further meetings with technical advisors to refine the instrument concepts and address
feasibility questions. In the afternoon, the final seven instrument concepts were presented,
followed by voting by STAC members (two co-chairs and three additional members) and STAC
Chairs Adrian Brugger and Hillary Smith. The voting process and outcomes are discussed in the
Instrument Selection section.

KITER,
s

Issued July 2026

NEUTR
:?7\
41ano®

P
£



SNS STS Grand Challenge Review & Prioritized First Instruments

Quantum Materials STAC

Grand Challenge Science Review

QM STAC Science Review

Overall STAC Assessment

The Quantum Materials (QM) STAC identifies STS as a frontier-defining capability for quantum
materials research. The core opportunity is straightforward: STS changes which materials can be
measured, when they can be measured, and how directly their microscopic behavior can be
connected to theory, design, and function. STS is not simply a faster version of existing neutron
facilities. It is a strategic national capability that would help secure U.S. leadership in quantum
materials discovery, quantum information science, advanced manufacturing, and next-generation
energy technologies. Without these capabilities, many frontier experiments will increasingly move
to overseas facilities or rely on indirect probes that cannot fully resolve the underlying physics.

Quantum materials are increasingly discovered and engineered in forms that are difficult or
impossible to study today: milligram-scale crystals, thin films, heterostructures, buried interfaces,
pressure-stabilized phases, and materials under strong external control. These forms are often
where the most important properties emerge. STS would allow neutron scattering to study these
materials as they are discovered and engineered, rather than only after large bulk crystals
become available. This capability is important because many materials relevant to future
computing, sensing, microelectronics, spintronics, superconducting devices, and resilient energy
technologies will first appear in small, engineered, or highly controlled forms.

The scientific questions are also becoming more demanding. The challenge is no longer simply
determining whether a material orders magnetically, but rather understanding how spins, charges,
orbitals, and lattice distortions fluctuate and interact; why some excitations remain coherent while
others decay; how interfaces and strain modify these behaviors; and which microscopic models
correctly describe the material. In many quantum materials, the relevant energy scales collapse
into the sub-15 meV regime, where competing states, weak symmetry breaking, and fragile
collective behavior coexist within narrow energy windows. Neutrons remain uniquely capable of
measuring momentum, energy, polarization, and absolute spectral weight in this regime,
particularly for magnetic and collective excitations that are inaccessible or only partially accessible
to X-rays, electrons, transport, optical, and scanning probes.

STS brings together the capabilities required for this next measurement regime. Its high cold
neutron peak brightness expands access to small and weakly scattering samples that are
currently below detection limits. Its broad bandwidth below approximately 15 meV targets the low-
energy regime where competing quantum states are closest in energy and hardest to distinguish.
High resolution, low background, and polarization analysis enable weak magnetic and structural
signals to be separated quantitatively. Compatibility with demanding sample environments (SEs)
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allows materials to be studied under the magnetic fields, pressures, temperatures, strain
conditions, and device-relevant geometries where functional behavior actually emerges.

Together, these capabilities move neutron scattering from the study of selected favorable samples
to the systematic exploration of quantum materials as they are synthesized, engineered, and
controlled. The Spallation Neutron Source (SNS) First Target Station (FTS) established four-
dimensional neutron measurements of structure and dynamics as a standard approach for
favorable bulk systems. STS enables the next step: quantitative measurements across material
families, sample forms, and tuning parameters. This capability would make neutron scattering a
stronger partner to materials synthesis, artificial intelligence (Al)/machine learning (ML)-guided
discovery, advanced computation, and quantum simulation. STS therefore positions neutron
scattering as a central component of the national quantum materials ecosystem.

Grand Challenges Review: Entanglement, Coherence, and Function

The QM STAC strongly supports the two Grand Challenge drivers: functional quantum materials
and quantum coherence and entanglement. These themes are linked by a common scientific
need: connecting microscopic correlations and excitations to useful quantum properties. The
opportunity is not only to observe new states but also to determine the interactions, symmetries,
fluctuations, and control parameters that make them possible.

The first challenge is entanglement. Many quantum materials host states whose defining
properties are not visible in static order alone. They appear in the fluctuations of spins, charges,
orbitals, and lattice degrees of freedom in space and time. Neutron scattering is uniquely suited
to measure these fluctuations, but the measurements must have sufficient bandwidth, polarization
sensitivity, and absolute normalization to distinguish competing microscopic models. In this
context, entanglement witnesses should be viewed as part of a broader goal: quantitative
spectroscopy of quantum matter. STS would allow neutron scattering to move beyond identifying
unusual spectra toward determining the microscopic correlations that generate them.

The second challenge is coherence. For quantum materials, it is not enough to know that an
excitation exists. The important questions are why it remains coherent, how it decays, and how
its lifetime changes with disorder, dimensionality, interfaces, and external control. STS directly
targets the low-energy range where many of these effects occur. With high resolution, low
background, polarization analysis, and absolute normalization, neutron spectra can be converted
into quantitative information about microscopic interactions, lifetimes, damping, and symmetry-
resolved response. These measurements are essential to understanding why quantum
excitations survive in some materials, fail in others, and can be controlled in still others.

The third challenge is function. Functional quantum properties often emerge from the same
microscopic degrees of freedom that neutrons probe. However, these properties increasingly
appear in material forms that are poorly served by today’s instruments: small crystals, thin films,
heterostructures, pressure-cell samples, high-field states, and nonequilibrium configurations. STS
enables neutron scattering to study these materials in the forms and under the conditions where
function appears. This capability is essential for connecting microscopic understanding to
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materials that may underpin future computing, sensing, low-power electronics, energy-efficient
information technologies, and advanced measurement systems.

The unifying requirement is clear: STS must deliver reproducible measurements of quantum
correlations across momentum, energy, polarization, and external control parameters. These
datasets must be complete enough to define microscopic models, test competing theories, and
benchmark emerging simulation, Al/ML, and quantum computing approaches. This capability is
becoming urgent. Advances in quantum computing and Al/ML are accelerating the prediction and
design of quantum materials, and experimental validation must keep pace. With STS, the DOE
Office of Basic Energy Sciences (BES) can retain a decisive experimental capability to test,
validate, and guide quantum materials discovery and design as international neutron facilities
invest aggressively in next-generation cold neutron instrumentation.

Capability Gap and Transformative STS Opportunity

The QM Grand Challenges require a measurement regime that does not exist today: quantitative
neutron spectroscopy and diffraction on the samples, interfaces, and controlled states where
discovery actually occurs. Many important materials first appear as engineered structures,
pressure-stabilized phases, small crystals, thin films, heterostructures, or states controlled by
field, strain, current, or temperature. Today, neutron scattering often enters too late, after
materials selection and optimization have already been guided by other probes. STS closes this
gap by enabling neutron measurements earlier in the discovery cycle and under conditions that
are closer to where quantum function emerges.

A conservative gain in neutron brightness on the order of 10 for spectroscopy would move 1 mg
measurements from exceptional, high-risk experiments toward routine discovery capability while
making 10-50 mg single crystals realistic for detailed microscopic modeling. The impact is
broader than sample size. STS expands the accessible sample types, material range, and control
conditions. For U.S. competitiveness, this means earlier access to new materials, faster validation
of Al-predicted compounds, and a shorter path from discovery to technology-relevant function.

STS must meet two linked needs. It must find weak or unexpected signals across momentum,
energy, and external conditions, and it must measure them with the resolution, polarization
analysis, normalization, and uncertainty control needed to determine their microscopic origin. In
this way, STS would provide both rapid access to new observational windows and the quantitative
fidelity needed to turn observations into reliable physical models. The goal is not simply to detect
more signals, but to determine the microscopic physics that produces them.

Thin films and heterostructures are the clearest example of this broader opportunity. They should
be treated as a central STS opportunity, not as a peripheral extension of bulk-crystal science.
Many quantum and functional materials are now engineered in forms where properties are
controlled by interfaces, confinement, strain, proximity effects, chirality, spin—orbit coupling, and
current-driven states. These regimes are precisely where neutron scattering is currently least
available, even though they are central to future quantum devices, low-power information
technologies, spintronics, superconducting interfaces, and energy-efficient materials platforms.
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STS creates a credible path toward inelastic neutron measurements in the 20—100 nm thin-film
and heterostructure regime by combining high peak brightness, low background, polarization
sensitivity, and cold neutron energy coverage. This would reveal buried magnetic and structural
correlations, polarization-resolved magnetic response, spatially extended excitations, and
behavior under operando or near-device conditions. This information is impossible to obtain by
other methods. Candidate science includes interfacial excitations, proximity-induced magnetism,
altermagnetic and spintronic heterostructures, multiferroic interfaces, skyrmion films,
superconducting interfaces, and current- or strain-selected functional states.

To deliver this impact, STS must combine brightness with low background, polarization analysis,
and compatibility with demanding sample environments. These capabilities are not optional
technical embellishments; they are what allow weak magnetic, structural, and interfacial signals
to be interpreted quantitatively rather than merely detected. Polarization separates magnetic from
nonmagnetic scattering and resolves symmetry-dependent correlations. Low background is
essential for small samples, thin films, pressure cells, substrates, and buried interfaces. Advanced
sample environments allow quantum materials to be studied under the fields, pressures, strains,
temperatures, and driven conditions that select functional states. Al/ML-enabled workflows can
further improve experimental decisions through live data-quality assessment, adaptive
measurement strategies, metadata capture, uncertainty quantification, and direct comparison with
microscopic models.

The broader impact of STS is to provide the United States with a unique capability to validate,
understand, and improve the quantum materials that underpin future computing, sensing,
microelectronics, energy-efficient information technologies, and advanced measurement
systems. These technologies rely on weak magnetic, structural, and interfacial correlations that
are difficult or impossible to measure by other methods. STS would allow DOE BES to connect
materials discovery directly to microscopic understanding, reducing the gap between materials
prediction, synthesis, and deployable function.

Conclusion

STS gives DOE BES a unique opportunity to secure world leadership in quantitative neutron
measurements of quantum materials where the field is moving: entangled states, coherent
excitations, and functional phases in frontier material forms and realistic control conditions. Its
near-term impact is quantitative spectroscopy and diffraction on milligram-scale samples and
weak signals beyond today’s routine reach. Its highest-growth opportunity is neutron access to
engineered and device-relevant quantum matter needed for future computing, sensing, and
energy-efficient technologies. More broadly, STS would transform neutron scattering from a late-
stage characterization tool into an integrated platform for discovery, model validation, and
materials control. By providing direct measurements of the correlations, excitations, and hidden
order that govern quantum function, STS would help DOE BES close the gap between materials
prediction and materials understanding. This capability is needed by society because future
technologies will depend not only on discovering new quantum materials but also on
understanding why they work, why they fail, and how they can be controlled reproducibly. STS
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would ensure that the United States leads the next era of quantum materials discovery and
technology rather than following it.

Neutron Community Review

Neutron community feedback was broadly supportive of the STS science case and the QM Grand
Challenges while urging a sharper, earlier definition of the capability gap and more care in
avoiding overstated claims. Reviewers viewed STS as a transformative addition to the U.S.
neutron ecosystem, especially for high-brightness cold neutron measurements on small samples,
thin films, heterostructures, operando systems, and nonequilibrium states. One reviewer
summarized the strongest case as follows: “STS will enable high-brightness cold neutron
measurements on small samples, thin films, heterostructures, operando systems, and
nonequilibrium states that are not accessible with today’s U.S. neutron sources.” Another
emphasized that the report is strongest when STS is framed as “a transformative capability rather
than simply an incremental neutron source upgrade.”

The most consistent recommendation was to connect each STS capability to a specific scientific
question, current limitation, and measurement outcome. Reviewers praised examples that clearly
identified the system, the current limitation, why STS would matter, and what would be learned.
The main lesson is to avoid generic statements about a capability gap unless the gap is
immediately defined in terms of sample form, signal strength, energy range, sample environment,
or scientific outcome. The STAC response should therefore make the capability gap visible earlier
and describe STS not simply as brighter, but as enabling a new measurement regime: quantitative
spectroscopy and diffraction on small, engineered, weakly scattering, and externally controlled
quantum materials.

For quantum materials, reviewers strongly supported the emphasis on low-energy excitations,
magnetic correlations, entanglement, coherence, and thin-film or heterostructure systems. STS
was viewed as especially compelling for cold neutron spectroscopy in the regime where coherent
excitations, fractionalized modes, soft phonons, magnetic continua, and competing states appear.
One reviewer stressed the unique role of neutrons at low energies: “None of the non-neutron
techniques can do Q-resolved measurements in these energy regimes.” Another argued that, as
quantum computers improve their ability to simulate low-energy spectra, neutron scattering could
become “the only viable momentum-resolved materials benchmarking” tool. This
recommendation supports the STAC emphasis on quantitative spectroscopy as a bridge between
experiment, microscopic models, Al/ML, and quantum-simulation benchmarks.

Reviewers agreed that thin films and heterostructures should be prominent but precisely framed.
The report should not imply that all neutron measurements on thin films are impossible today;
existing measurements on nanoscale films have produced useful structural and magnetic
information. The stronger and more accurate claim is that STS opens a path to inelastic
spectroscopy of magnetic, vibrational, and electronic degrees of freedom in thin films and
heterostructures. As one reviewer put it, “Most quantum materials exist as thin films, every
application of QM is as thin films, thus it is critical to explore these materials as thin films, yet there
are no inelastic neutron scattering (INS) instruments at any source which can perform these
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measurements.” This supports the revised STAC framing: STS is not only about smaller samples
but also about expanding the sample types and control conditions where quantitative neutron
spectroscopy and diffraction can be performed.

Reviewers also urged careful positioning of STS relative to existing U.S. capabilities. Several
agreed that STS fills a real gap and complements High Flux Isotope Reactor (HFIR) and SNS
FTS rather than duplicating them. At the same time, they cautioned against language that
minimizes the current U.S. neutron ecosystem. The stronger argument is that STS extends and
complements existing capabilities by targeting the cold neutron energy and length scales where
small samples, mesoscale correlations, low-energy excitations, thin films, reflectometry, small-
angle neutron scattering (SANS), and demanding sample environments are most compelling. One
reviewer warned that “the case was not well-made for why cold neutrons specifically are
important.” The STAC response should therefore focus on the energy and length scales where
STS is uniquely enabling, rather than presenting cold neutrons as generically superior.

Reviewers supported polarization, pressure, high magnetic field, and advanced sample
environments, but recommended tying each to specific science rather than listing them as
aspirational features. Polarization should be justified by what it enables: separating magnetic from
nonmagnetic signals, resolving symmetry channels, and identifying the microscopic character of
excitations or ordered states. High pressure and high magnetic field were viewed as powerful but
requiring clear feasibility paths and concrete examples of what would be learned. Reviewers
noted that some of the most exciting physics appears under extreme pressure, and that STS
small-sample capability directly addresses a core neutron limitation: pressure experiments require
small samples, while neutron measurements traditionally require large volumes.

Al feedback was mixed but useful. Reviewers saw value in adaptive measurements, live data-
quality assessment, experiment planning, model comparison, uncertainty quantification,
metadata capture, and multimodal databases. One reviewer wrote that Al can “fundamentally
enable science” by optimizing scarce beam time, extracting weak signals from complex
multidimensional datasets, and linking neutron data with theory and simulation. Another argued
that the most compelling Al use would be identifying “candidate minimum viable interpretable
models” from complex neutron data, not simply making simulations faster. However, reviewers
warned that Al can sound generic if it is not tied to STS-specific workflows; one critique was that
“Al is included as an accessory component, and one that is not (and cannot) be unique to STS.”
Therefore, the strongest framing is Al as practical infrastructure for real-time decisions, adaptive
data collection, interpretable modeling, benchmark datasets, and integration with theory,
synthesis, and complementary measurements.

Overall, the neutron community feedback supports the QM STAC direction. The strongest
message is that STS enables a new cold neutron measurement regime: quantitative spectroscopy
and diffraction on small, engineered, and controlled quantum materials; access to low-energy
excitations and correlations difficult to measure by other methods; and workflows that connect
neutron data to microscopic models, Al-assisted interpretation, and quantum-simulation
benchmarks. The key refinements are to define the capability gap earlier, focus on concrete
scientific outcomes, frame STS as complementary to existing U.S. facilities, avoid overstating
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thin-film or Al claims, and justify ambitious sample environments through specific high-impact
experiments. In this framing, STS is not simply a brighter source; it is a platform that turns currently
exceptional, marginal, or inaccessible measurements into systematic tools for discovery.

Non-Neutron Community Review

Input from non-neutron reviewers was broadly supportive of the QM science case while identifying
opportunities to sharpen the report. Importantly, these reviewers did not view neutron scattering
as redundant with their own methods. Instead, they identified specific regimes where neutron
measurements provide information that complementary probes cannot supply. Reviewers agreed
that the Grand Challenges are compelling, of high societal impact, and well aligned with DOE
priorities, particularly where STS would enable measurements of quantum entanglement,
coherence, and functional behavior in materials that are difficult to probe today. One reviewer
emphasized that “the outlined grand scientific challenges in quantum materials are compelling
and of significant societal impact,” and highlighted the ability to “reliably and feasibly measure
quantum entanglement in solids” as potentially transformative.

Reviewers reinforced the unique role of neutron scattering relative to complementary probes.
They recognized that X-ray, optical, transport, thermodynamic, NMR, and muon-based
techniques are essential parts of the broader quantum materials toolkit, but they cannot fully
substitute for neutron measurements of magnetic and low-energy correlations. As one reviewer
stated, “none can fully substitute for the unique role of neutron scattering.” At the same time,
reviewers recommended that the report more clearly explain where neutrons excel relative to
these other methods, ideally through concise examples of the information each technique can
and cannot provide. This feedback supports a stronger and more accessible explanation of why
momentum-resolved, energy-resolved, polarization-sensitive neutron measurements remain
essential even in a mature multimodal measurement ecosystem.

Several constructive suggestions were raised. Reviewers encouraged greater attention to 2D
materials and twisted superlattices, where broken-symmetry and topological correlated states are
central but direct scattering measurements are absent. They also suggested emphasizing INS of
phonons and spin fluctuations in very small-mass samples. At the same time, reviewers cautioned
that the report should avoid over-reliance on examples that may appear controversial or
speculative unless the feasibility path is clear, including extremely high-pressure neutron
measurements, very high magnetic fields, or claims about ultrasmall samples. The STAC
response should therefore retain the ambition of the science case while making the feasibility
logic explicit.

Views on Al were positive but measured. Reviewers saw clear value in Al for faster data analysis,
improved data acquisition, better experimental decision-making, and synthesis of large bodies of
information. However, they cautioned against presenting Al as an autonomous discovery engine.
One reviewer summarized this balance clearly: “| see a lot of hype concerning Al; | clearly see its
value, but | also see its limitations.” The strongest framing is Al as a practical accelerator of
neutron science through shared databases, real-time data assessment, adaptive measurement
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strategies, uncertainty quantification, and integration with complementary synthesis, structural,
spectroscopic, transport, and thermodynamic data.

Overall, the non-neutron feedback strengthens the STAC case by confirming that neutron
scattering provides information that other advanced probes cannot replace. These reviewers
validated the societal importance of the grand challenges; supported the focus on entanglement,
coherence, and functional quantum matter; and encouraged clearer articulation of
complementarity. Their most important caution is that the report should remain ambitious but
credible: specific about what neutrons uniquely measure, precise about what STS newly enables,
and careful not to overstate feasibility in the most extreme regimes. In this framing, STS is a
critical component of a broader national quantum materials ecosystem, providing the direct
microscopic measurements needed to connect synthesis, theory, computation, and function.

QM STAC Instrument Concepts

QM1 Direct Geometry Cold Neutron Spectrometer for Quantum Materials

Purpose and Scientific Mission

The initial QM STAC concept for a direct geometry cold neutron spectrometer was motivated by
a central scientific need: to make quantitative inelastic neutron spectroscopy routine on frontier-
scale quantum materials. The primary mission is cold multiplexed, high-resolution spectroscopy
of quantum materials in absolute units, with sufficient momentum, energy, and polarization
information to determine microscopic models rather than merely observe spectral features. The
instrument is designed to measure the full dynamical response, including magnetic correlation
functions S°¥(Q,w), in the low-energy regime where entanglement, coherence, fractionalization,
band compression, decay, and field-tuned functionality appear.

The scientific driver is not simply smaller samples. The larger opportunity is to extend neutron
spectroscopy into the actual materials forms where discovery now occurs: small single crystals,
thin films, buried interfaces, heterostructures, pressure-cell samples, and field-induced states.
Therefore, the concept supports two operating regimes: a discovery mode, in which weak inelastic
signals are detected from sub-milligram crystals and sub-100 nm films, and a modeling mode, in
which quantitative spectroscopy on 10-50 mg crystals provides reliable Hamiltonians, excitation
lifetimes, symmetry-resolved responses, and absolute spectral weights.

Key Technical Specifications

The initial direct geometry concept was defined around the following performance targets:

= Energy range: continuous cold neutron spectroscopy from approximately E = 0 to 25 meV.

» Energy resolution: AEIE = 1%—2%, appropriate for resolving compressed low-energy
excitation spectra.

» Flight paths: representative primary flight path of approximately 30 m and secondary flight
path of approximately 2.5-4 m.
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= Detector coverage: very wide in-plane coverage with at least approximately +15° out-of-
plane coverage.

= Polarization: clean, optionally XYZ-polarized measurements in absolute units.

* Beam size: tunable beam from approximately 10 x 10 mm? down to 2 x 2 mm?.

= Momentum resolution: target AQ < 0.01 A~" on representative samples.

= Sample environments: compatibility with high magnetic fields approaching the 20 T
frontier, multi-gigapascal pressure cells, ultralow temperatures, and high-temperature.

= Sample reach: discovery inelastic measurements on <1 mg crystals and <100 nm thin
films; modeling measurements on approximately 10-50 mg crystals.

Early Science Examples

The initial early science portfolio emphasized quantum magnets, thin-film superconductors,
topological and chiral magnetic systems, pressure-tuned quantum matter, and interface
magnetism. Following is a list of representative Day 1 experiments:

» Mapping zero-field and field-induced excitations across the CsReSe, family, using broad
Q-E coverage to identify coherent modes, continua, and field-driven changes in the
excitation spectrum.

= Reaching an entanglement-related critical point in NaYbSe. under pressures above
approximately 4 GPa.

= Measuring magnetic resonances in thin nickel-based superconductors, where the key
opportunity is to extend inelastic neutron spectroscopy into film geometries.

» Probing excitations of metallic gadolinium and europium skyrmion systems, where
absorption, weak magnetic signals, and complex textures make brightness and
background control essential.

= Detecting stress-induced chiral splitting in altermagnet candidates.

These examples capture the intended workflow: first find weak or unexpected signals in systems
that are currently marginal or inaccessible and then measure them with sufficient resolution,
polarization analysis, and absolute normalization to determine microscopic physics.

Why this Instrument Uses STS

This concept is uniquely aligned with STS because it requires the simultaneous combination of
cold neutron brightness, broad bandwidth, high resolution, polarization capability, and small-
sample reach. STS peak brightness enables measurements on sub-milligram crystals, nanoscale
films, and weakly scattering samples. The low repetition rate and broad bandwidth enable cold
neutron energy multiplexing, allowing high-resolution access over the low-energy range where
quantum coherence, entanglement, and functional excitations are most strongly expressed.

The impact is nonlinear: smaller accessible samples mean earlier access to newly discovered
materials, improved sample homogeneity, compatibility with more extreme environments, and
access to materials that cannot be grown as large bulk crystals. This is the key reason the
instrument belongs at STS rather than being treated as an incremental upgrade to existing
spectroscopy.
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Summary Assessment

The initial direct geometry spectrometer concept addresses a flagship QM STS need: quantitative
cold neutron spectroscopy on small, complex, and controlled quantum materials. It would provide
a route from signal discovery to microscopic modeling, with direct relevance to entanglement,
coherence, and function. Its strength is the combination of broad Q-E mapping, high resolution,
polarization, absolute units, and compatibility with demanding sample environments.

QM2 Agile Polarized Diffractometer for Quantum Materials

Purpose and Scientific Mission

The initial QM STAC concept for an agile polarized diffractometer addresses a complementary
need: to detect, resolve, and quantify weak magnetic order, diffuse correlations, domain
populations, chiral textures, and coupled structural-magnetic states in small crystals, powders,
thin films, and complex sample environments. Its primary mission is polarized magnetic diffraction
and diffuse scattering from quantum materials in the regimes where conventional diffraction is
often limited by sample size, background, absorption, weak ordered moments, or ambiguous
magnetic/nonmagnetic contributions.

The instrument is designed to serve both discovery and modeling. In discovery mode, it would
detect weak order or diffuse correlations in approximately 0.5—-10 mg crystals, potentially reaching
toward the 100 ug scale for favorable cases. In modeling mode, it would provide polarization-
enabled quantitative magnetic crystallography on milligram-scale samples, including in
demanding sample environments.

Key Technical Requirements

The initial diffractometer concept emphasizes agility, polarization, brightness, and low
background. Its defining requirements include the following:

» Polarized diffraction and diffuse scattering for separating magnetic and nuclear scattering.

= Sensitivity to weak magnetic signals from milligram-scale or smaller crystals.

= Capability for powders and single crystals, including cases where the sample form is not
yet optimized.

= Compatibility with complex sample environments, including magnetic field, pressure,
strain, temperature, and potentially driven or nonequilibrium conditions.

» Low-background design, essential for weak order, diffuse scattering, thin films, and
absorbing materials.

= Rapid access to reciprocal-space information, enabling efficient mapping of phases,
domains, diffuse correlations, and field-induced states.

Early Science Examples

The initial early science portfolio emphasized magnetic structures and correlations that are difficult
to determine without polarization, high brightness, and low background. Following is a list of
representative experiments:
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= Detecting weak ordered moments and distinguishing magnetic order from structural
scattering.

» Measuring diffuse magnetic correlations in frustrated, disordered, or partially ordered
quantum materials.

» Resolving field-induced phases, including changes in propagation vector, moment
direction, and domain selection.

» Distinguishing single-Q from multi-Q order.

= Determining domain populations and magnetic texture evolution under field, stress, or
thermal cycling.

» |dentifying chiral and noncollinear textures, including skyrmion-related systems.

» Measuring structural-magnetic coupling in materials where lattice and magnetic degrees
of freedom are intertwined.

* Probing driven or nonequilibrium states in complex environments.

Specific motivating examples include magnetism in absorbing compounds such as Gd.PdSis,
topological Hall systems, EuCo2Als magnetocaloric materials, high-pressure nickelates such as
LaNiO; and LasNi-O7, magnetic phase mapping in composition-gradient samples, and magnetism
in thin films relevant to devices and strain control.

Why this Instrument Uses STS

The diffractometer concept depends directly on STS peak brightness and low-background cold
neutron performance. Peak brightness enables polarized measurements on small samples and
weak magnetic signals. Low background is essential for diffuse scattering, thin films, weak order,
and samples in complex environments. Polarization analysis is central because the scientific
questions require unambiguous separation of magnetic and nonmagnetic scattering as well as
symmetry-resolved information about the ordered or fluctuating state.

The STS opportunity is especially important for materials that are discovered first as small
crystals, thin films, heterostructures, or pressure-stabilized phases. In these cases, neutron
diffraction often cannot enter early enough in the discovery cycle. This instrument would move
polarized diffraction from a late-stage confirmation tool to an early-stage discovery and model-
selection tool.

Summary Assessment

The initial agile polarized diffractometer concept provides the elastic and quasielastic counterpart
to the spectroscopy concept. It addresses the need to determine what ordered, textured, diffuse,
chiral, or field-induced state exists before spectroscopy can fully interpret the excitations. Its
central strength is the combination of polarization, brightness, low background, agility, and
sample-environment compatibility for quantum materials in realistic forms.

HITER,
Eo

Issued July 2026 15

NEUTRG,
% ,
7\

4130

s
g



SNS STS Grand Challenge Review & Prioritized First Instruments

Materials Science & Engineering STAC

Grand Challenge Science Review

MSE STAC Science Review

The materials science case for STS should be sharpened around a central theme: STS must
enable measurements of materials behavior that are currently impossible or impractical,
especially under realistic processing, service, and extreme environment conditions. The science
case should move beyond broad statements about materials characterization and make a
compelling case for why STS capabilities—high flux, high brightness, time-of-flight (TOF)
methods, small beam sizes, advanced detectors, and multimodal instrumentation—are essential
to future materials discovery, deployment, and life cycle management.

Priorities should include the study of materials under extreme environments, in situ and operando
studies to capture transient materials behaviors, and the importance of multimodal
instrumentation.

The challenges for MSE overlap significantly with those of the other focus areas (QM, CC, SMP,
and BIO). The overlap of interests and science challenges should be emphasized at the beginning
of the document to illustrate the opportunities for collaboration and cross-disciplinary science that
STS affords.

The MSE STAC recommends revising the Grand Challenges as follows:

» Grand Challenge 3 should include deployment to emphasize translation into real systems
and components.

= Grand Challenge 4 is too specific to support the larger scientific scope of an instrument
proposal. A narrow construction/manufacturing framing should be broadened toward
engineering material life cycles, including sustainability, critical resource management,
manufacturing, deployment, in situ resource utilization, and performance over service life.
The STS materials portfolio should not appear overly focused on metals, construction, or
concrete; it should include minerals, ceramics, energy materials, planetary materials,
thermal barriers, functional materials and other advanced systems. Proposed Grand
Challenge #4: Engineering material life cycles for a materials economy that
mitigates materials criticality issues.

The STS science case should be organized around capabilities that transform materials science,
not around incremental extensions of current instruments. The document should clearly articulate
that STS will enable transformational capabilities.

= STS will enable real-time, in situ measurements of transient and far-from-equilibrium
materials states, including experiments under combined temperature, pressure, magnetic
field, atmosphere, strain, and radiation-relevant environments. Material kinetics such as
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phase changes on the order of seconds can currently not be resolved in diffraction or
imaging, but will be possible at STS

= STS will provide multimodal characterization of bulk materials under realistic processing
and service conditions to understand diffusion, kinetics, residual stress, defects, phase
transformations, and microstructural evolution at relevant timescales

= STS will enable the integration of high-dimensional neutron datasets with Al/ML, digital
twins, and multiscale predictive models

Grand Challenge #3: Digital Twins to Accelerate Materials Development

Accurate digital twins to accelerate discovery, development, and deployment of new materials.

Gamechanger application: In situ observation of materials behavior during advanced
manufacturing and physical simulation for qualification of novel materials (accelerating materials
discovery to materials deployment).

Current bottlenecks: Low flux of pulsed sources precludes real-time measurements in practical
conditions or geometries.

Current limitations: Thermal neutrons are not sufficient for characterizing low-symmetry
materials (e.g., ceramics and cements) and mesoscale features (precipitates) that manifest during
synthesis and extreme environment exposure. Much higher brightness per neutron pulse is
necessary throughout a wide bandwidth (especially above 4 A), with lower repetition rate for
elongated TOF analysis bandwidth.

Required capabilities

» Real-time study of dynamic and kinetic materials behavior: small sample size for exposure
to extreme pressure, heating/cooling rates, strain rates

= Multi-length-scale, grain-dependent, and multidimensional characterization, including
highly orientation-resolved diffraction

= Data-dense materials characterization across a wide bandwidth

» Al-enabled multimodal techniques: edge computing for live reduction of high-throughput
multidimensional data, closed-loop neutron optics optimization, experiment control, high-
fidelity “ground truth” data processed for physics-based model validation (e.g.,
simultaneous measurement of the neutron and X-ray diffraction patterns with neutron
signal averaged over centimeter-scale real-space volume and X-ray patterns averaged
over smaller micrometer-scale real-space volume, allowing super-resolution)

= Al-enabled, optimized, and closed-loop controlled neutron tomography with simultaneous
complementary neutron probes: Bragg edge imaging (BEI) for in situ/operando texture
evolution within parts, neutron grating interferometry (nGl) for early fracture detection in
components to inform physics-based models of real-life early fracture nucleation, atomic
structure evolution informing part performance and prediction of failure-critical events, and
macroscale deformation due to bulk plasticity

STS will provide
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» Real-time, high-resolution, multi-length-scale and multidimensional data on materials
under extreme conditions; through the STS’ high peak brightness, create single-shot
statistics/measurements for systems with large intrinsic structure sizes (superalloys,
ceramics, cementitious materials), with the necessary flux in the cold neutron domain

» High brightness over the entire wavelength range for diffraction and small-Q neutron
scattering (SQNS) with seamless overlapping; ditto for multimodal imaging

= Cold neutron flux creates natural potential for integration of SANS applications (classical,
as well as nGl) into imaging modality; as with BEI, the SANS signal is free on top of the
core imaging function and is not parasitic (with exception of nGl, which causes a 50% flux
loss)

= High flux for in situ and operando studies

= Small beams for 3D grain orientation and TOF-resolved reciprocal-space mapping

» Validating predictive models to accelerate deployment of novel materials

= Unprecedented insight into materials through simultaneous multi-technique
measurements covering 10 orders of magnitude of length scales

Grand Challenge #4: Engineering material life cycles for a materials
economy that mitigates materials criticality issues

Engineering material life cycles for a materials economy that mitigates materials criticality issues

Gamechanger application: The ability to create new materials without the limitation of materials
criticality, i.e. rare earths or other elements with strategic national sourcing constraints.

Current bottlenecks: Low overall flux of pulsed sources precludes real-time measurements in
practical conditions or geometries. Low peak brilliance requires multi-peak (hundreds to
thousands of repetitions) count time. In materials diffraction, the FTS 60Hz repetition rate masks
lower energy neutrons, requiring chopping of the 60Hz signal to 30Hz or 20Hz, at a proportional
loss of integrated flux to achieve visibility of higher wavelengths.

Current limitations: Key aspects of materials are not captured with thermal neutrons or X-rays
(e.g., hydrogen tracking, defect mobility, development of interfacial strains during cyclic testing).
The large moderator sizes at the FTS do not lend themselves to effective engineering materials
diffraction sources, where the incident beam is generally collimated to 1-5 mm.

Required capabilities

» Real-time study of dynamic and kinetic materials behavior: cycling of thermal,
electrochemical, and mechanical conditions to quantify microstructural evolution,
durability, and damage

» Data-dense materials characterization across a wide bandwidth: capturing features of
different length scales in one shot to enable the measurement of material kinetics that
occur on the second scale (phase transformations, strain evolution, cavitation, pore
structure evolution, turbulence, among others). Relevant timescales can then be
employed to stress the material appropriately using load, pressure, temperature, etc.
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= Multi-length-scale characterization, from continuum bulk average to grain-orientation-
resolved diffraction
= Al-enabled multimodal techniques

STS will provide
= Unique in situ and operando measurements of novel materials in real time
» High peak brightness across all wavelengths, with emphasis on the larger, for enhanced
spatially resolved diffraction and imaging over multiple length and time scales
o The larger wavelength bandwidth and significantly higher flux at lower energies
also allows for single-shot or at least kinetic measurements in the cold neutron
wavelengths. nGl would benefit greatly from this, making measurements of
load/pressure/temperature-related material kinetics possible that are currently
impossible.
= Voxelization of the data volume into a tomographic regime is enabled by the STS source’s
high peak brightness at long wavelengths and its compact beam size
o Again, this is not simply an acceleration of existing processes but a radical upgrade
of capability, enabling kinetic science in real-time materials evolution in
engineering-scale samples that currently cannot be studied dynamically.
= Understanding of a wider set of novel materials under practical processing and operational
conditions
= Thorough capture of complex, multiscale material behaviors

Al Integration

Al integration with STS should be emphasized to highlight how Al will be not only useful but also
essential for real-time data reduction and beam parameter optimization. Al is particularly relevant
for event-mode imaging modalities where data volumes scale to petabytes for a single
experiment. The need for data handling and storage infrastructure should also be emphasized in
the document. A section on data management is recommended. Although challenging, automated
laboratories, even for solid systems, should be considered for rapid material discovery. This is, at
present, uncharted scientific territory. An example would be ceramic matrix composite baked from
solid/liquid matrix composites that are produced through rapid discovery and characterized in a
closed-loop development pipeline.

Considerable progress has already been made in Al-driven imaging/tomography modalities. Such
systems are therefore not only feasible but being deployed on existing beamlines (in their infancy).
With the efficiencies gained by Al/ML workflows in image processing (a home domain of Al), many
experiments currently considered impossible, especially in the computed tomography domain, will
soon be performed with confidence. Ideas include multimodal imaging, where the atomic,
microscale, mesoscale, and macroscale are simultaneously interrogated by concomitant methods
of BEI, neutron grating interferometry (nGl), INS, neutron spin echo (NSE), and attenuation
radiography. This multidimensional information volume is ideally suited for AlI/ML analysis,
allowing information to be integrated across modalities and extracted from both high/low signal-
to-noise ratio (SNR) datasets.
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Engineering and Scientific Use Cases

Batteries, Supercapacitors, Energy Conversion, Thin Films

Many important materials for modern technology are in the form of thin films, sometimes
integrated into devices for modern electronics and information processing. The high brightness
from the smaller moderators in STS offers new capabilities for studying thin-film materials by
neutron reflectometry. The brightness translates into better spatial resolution and higher quality
determinations of the profile of the scattering length density below a surface. In other words, STS
reflectometers will be able to discern features of interfaces between layers of different composition
or structure. The intensity will allow time-resolved analysis of interface reactions or operando
control of the interface state when electrical currents are flowing in active thin-film devices.

Much new technology has emerged from work on thin-film materials, where “thin” usually means
a range from atomic distances to several micrometers. Common to these materials are interfaces
between the thin-film layers. For example, thin oxide layers separate the gate electrode from the
current-carrying channel in complementary metal-oxide—semiconductor devices. The quality of
the interfaces is crucial. As gate oxides are developed with higher dielectric constants, there is an
opportunity for neutron reflectometry to address issues of interface roughness and chemical
quality. Diffusion processes are altered in steep chemical gradients, and the interface energy
contributes to the free energy of the thin-film structure. The interfaces and their thermodynamics
change with temperature, and understanding interfacial stability and dynamics is challenging with
the present methods of measurement.

Many of the same issues are common to solid-state batteries and supercapacitors [2,3], where a
thin, ion-conducting solid separates the electrodes. For in situ and operando studies (e.g., in
electrochemical cells), the transport of lithium or sodium ions across this electrolyte alters the ion
concentration in the anode and cathode, and this evolution should be measurable with better
resolution for neutron reflectometry from the higher brightness of STS. The concentration profiles
of lithium or sodium in the anode and cathode are caused in part by thermodynamics and in part
by diffusional kinetics. Similar considerations of ion transport and local polarization are valid for
supercapacitors. The details are not easily understood without neutron reflectometry data on real
devices operated in real time at real temperatures [4].

As with reflectometry, STS will advance multimodal imaging capabilities for batteries,
supercapacitors, and other energy conversion and storage devices. These devices often
comprise multiscale networks of functional materials that transport, convert, and store energy via
redox reactions. These processes bring concomitant phase transformations, strains, and
degradation behaviors that are influenced by temperature, pressure, voltage, and concentration
profiles. Many of these materials contain crystallographic features above the 4 A wavelength limit,
not easily accessible at FTS, that evolve during operation. BEI at STS would enable observation
of crystallographic changes in these materials that cannot be observed currently. Sub-micrometer
to nanometer-scale features such as pores and active material particles also evolve during
operation. Novel methods like small-angle neutron grating interferometry (nGl) would permit
observation and analysis of these features. Multimodal imaging with a high-flux, cold neutron
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source would allow study of such phenomena within the context of real component geometry and
in dynamic, real-time operating conditions.

Extreme Environments

Several extreme environment examples include materials for fusion, additive manufacturing (AM),
and aerospace/defense applications. These examples will strengthen the argument that there are
wide applications for research opportunities with STS (beyond cement/concrete and
construction). The ability to study highly radioactive samples would also be of great benefit to
research in fission and fusion applications. Moreover, the behavior and degradation, as well as
the synthesis of materials, will be accelerated. In situ studies allow tuning the microstructure of
materials in real time, accelerating their design by one or two orders of magnitude [5]. For
example, precipitations and microstructural evolution will be quantitatively measured in real time,
along with thermal expansion and chemical strain, which then can be quenched at the desire of
the operator. A similar concept applies to the design of heterogeneous materials by sintering,
where interdiffusion takes place, effectively measured by in situ diffraction and imaging. Besides
structural materials, functional materials must be studied under extremes (e.g., high-Tc
superconductors to be employed at fusion facilities). The design of rare earth lean magnets is
another topic in which microstructural design plays a role. Finally, the processing of functional
materials under extreme conditions, introducing controlled microstructures and disorder, will lead
to new physical properties.

Hydrogen Embrittlement and Transformation Kinetics

Hydrogen embrittlement is a concern for several critical industries including oil and gas, nuclear,
and aerospace. Being able to track hydrogen accumulation at crystallographic or microstructural
defects will aid in optimization of processing steps. Current methods allow quantification of
hydrogen removal as a function of time and temperature for different alloys and prior processing
(and therefore microstructures) [6,7], but the quantification of hydrogen accumulation to specific
microstructural features is not possible. A long-term application that is expected with STS is the
identification of hydrogen in engineering alloys, particularly by combined spatial imaging through
simultaneous crystallographic investigation by Bragg edge radiography, small-Q X-ray scattering
signal, and multimodal spectroscopy at STS.

Advanced Manufacturing

In situ observation of alloy behavior during metal AM is a critical need for the validation of
predictive materials models. Melt pool dynamics are still poorly understood, and the performance
of conventional alloys in additive environments leads to unexpected properties, phase
transformations, and microstructures. It is impossible to use ex situ measurement of materials
properties (e.g., quasi-static mechanical response, thermophysical properties, high-temperature
rheology) to accurately predict behaviors during rapid heating/cooling events that are typical in
metal AM. Synchrotron methods (beamline 32-ID-B at the Advanced Photon Source at Argonne
National Laboratory) have been employed to observe pore formation during in situ laser powder
bed fusion experiments as illustrated in Figure 1. Such experiments are useful but are limited by
the X-ray attenuation of alloys. The high flux of STS will enable measurement of thicker sections,
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and multiwavelength TOF capabilities will allow determination of phase transformation and grain
orientation as melt pools form and solidify (Figure 2). The high flux at low to moderate wavelengths
enables high-resolution residual stress measurements as samples are subjected to thermal
cycling during laser rastering in a powder bed fusion environment.
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Figure 1. Example of in situ observation of melt pool dynamics using synchrotron imaging [8].
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Figure 2. Example of grain orientation within melt pool for laser powder bed fusion [9].

Phase Transformation and Strain Evolution During Thermal/Mechanical Cycling

Alloys and thermal barrier ceramics are exposed to thermal and mechanical cyclic loading during
their service life. Such exposure results in incremental damage (i.e., cracking) as well as
opportunities for phase transformations over the material lifetime. Ex situ testing is currently
possible, but an ex situ approach to capturing all exposure conditions and timescales requires
many samples. In situ testing enables materials engineers to identify specific damage and phase
transformation mechanisms for model calibration and refinement. The high flux at STS allows
materials to be evaluated at length scales that are relevant to engineering challenges. High flux
provides excellent SNR, and Al-enabled real-time data reduction will allow on-the-fly optimization
of beam optics and detector settings to target key areas of interest within the test samples. Longer
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wavelength regimes for STS are well suited for characterization of low-symmetry materials,
including intermetallics in engineering alloys, ceramics, cermets, and concrete (Figure 3). In
contrast to synchrotron radiation [10], neutrons show different contrasts (e.g., in TiAl-based
intermetallics [11,12]). Moreover, STS bears the unprecedented advantage of 3D reciprocal-
space mapping from single crystallites in polycrystalline material, discriminating the scattering
vectors by neutron TOF analysis in a white-beam Laue scenario, bearing unique insight over high-
energy X-rays, for example following zigzag grain reorientations during abnormal grain growth
[13].

Sharp Peak Simulated Neutron Diffraction Patterns
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Figure 3. Comparison of lattice-spacing measurement range at FTS (VULCAN) compared to STS
capabilities. (simulated diffraction data)

Material Durability and Deterioration

Examples in structural materials are the long-term plastic deformation by creep and failure by
fatigue. Such processes are strongly influenced by other factors, such as order and disorder in
crystals, microstructural transformations, radiation damage, and exposure to the environment
(e.g., hydrogen, oxidation, corrosion). These phenomena are important on all timescales: for
example, high-cycle fatigue lasts gigacycles vs. low-cycle fatigue under larger amplitude lasts
only a few cycles [15]. Applications include high-cycle vibration in airplane machines and
predetermined breaking points, respectively. Materials are designed to avoid creep—many
materials last years or centuries. However, in some applications, materials last only for 10 min
(e.g., rocket launch to space or during reentry [Figure 4]). In these cases, a material that lasts
5 min longer is a game changer. Moreover, recovering and self-healing materials are highly
sought-after (e.g., after radiation damage, chemical [hydrogen] exposure, or impact). These
examples require physical thermomechanical simulation, at which phases and microstructures
are followed in situ during degradation, flow, or recovery. Multiscale 3D diffraction with single-
crystallite reflections from polycrystalline material, complemented by SQNS, would be enabled by
the high peak brightness at all wavelengths and lower repetition rate of STS, allowing broadband
TOF analysis.
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Figure 4. Charred, ablated heat shield of the Apollo 11 Command Module “Columbia,” on display
at the Smithsonian Institution.

Neutron Community Review

Executive Summary

The neutron user reviewers generally find the Grand Challenges compelling and societally
relevant but argue that the scope should be broadened beyond construction and manufacturing
examples to include hydrogen technologies, fusion and fission materials, critical minerals, rare
earth replacement, actinides, extreme environments, materials synthesis, functional materials,
and life cycle deployment. Most reviewers felt that the science gap was not clear.

Reviewers repeatedly ask for the Grand Challenges to be made more specific, quantitative, and
STS-driven, with clearer examples of what high-brightness cold neutrons uniquely enable
compared with synchrotron X-rays, electron microscopy, NMR, muons, and existing neutron
sources.

They also support the inclusion of Al but recommend framing it more realistically around real-time
experiment steering, adaptive acquisition, multimodal data fusion, uncertainty quantification, and
high-fidelity ground truth data for models and digital twins while preserving human judgment and
avoiding generic Al hype.

Are the Grand Challenges Relevant?

The neutron user community reviewers generally find the Grand Challenges important and
directionally compelling, but they also view the current scope as uneven, sometimes too
narrow, and not yet sufficiently differentiated from what other facilities or techniques can
do. The strongest recurring recommendation is that the Grand Challenges should be broadened
and sharpened at the same time: broadened to cover more materials science and deployment-
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relevant applications but sharpened around specific STS-enabled capabilities and concrete
examples.

Recommended Additions

= Hydrogen technologies, including water and gas transport in fuel cells, hydrogen uptake,
diffusion, trapping, and embrittiement in metals

= Fusion and fission materials, including tungsten-copper plasma-facing components, ion-
irradiated materials, nuclear fuels, waste forms, molten salts, and tritium breeder materials

= Critical minerals and rare earth replacement

= Functional materials, including magnets, catalysts, thermoelectrics, ionic conductors,
metal-organic framework compounds, multiferroics, altermagnets, and skyrmions

= High-entropy and compositionally complex materials

» Metastable materials and materials synthesis

» Geothermal materials and grouts

= Actinides, especially plutonium and plutonium alloys

= Aerospace, national security, and extreme environment applications

A recurring message is that the Grand Challenges should not appear to be centered on a few
application areas; they should instead capture the broader role of STS in materials discovery,
synthesis, processing, deployment, qualification, and life cycle performance.

Emphasize Extreme Environments

A strong theme is that the scope should more explicitly include extreme environments, broadly
defined. Reviewers want this category to go beyond high pressure and temperature to include the
following:

= Electrochemical potentials

= Corrosive acidic environments

= Radiation and ion irradiation

= Hydrogen exposure

= Thermal gradients

= High strain rates

= Welding and joining conditions

= Fuel cell and electrolyzer operating environments
= Fusion plasma-facing environments

= Actinide self-irradiation and aging

= High-pressure quantum and materials synthesis conditions

Several reviewers see extreme environments as one of the clearest ways to justify STS because
these conditions require bulk-sensitive, high-flux, operando, multimodal measurements that are
difficult or impossible at existing facilities.
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Emphasize Materials Synthesis

One important critique is that materials synthesis is not sufficiently visible as a Grand Challenge
theme. Reviewers note that the current MSE section appears to focus more on materials
response, degradation, imaging, defects, cracking, and microstructure evolution than on how
materials form in the first place.

They recommend restoring or explicitly integrating synthesis into the Grand Challenges,
especially for the following areas:

= High-pressure recovered phases

= Metastable materials

= Multiphase and poorly crystalline materials

= Materials made under extreme chemical, thermal, or mechanical conditions
= Additive manufacturing and path-dependent processing

= Al-guided materials discovery and process optimization

This reviewer perspective reframes STS not merely as a characterization tool but as a platform
for understanding materials transformation pathways: synthesis, processing, reaction,
degradation, and performance.

STS Justification

A repeated comment is that the document often describes things neutrons can do generally but
does not always explain what is uniquely enabled by STS specifically. Reviewers ask for the
scope to be organized around STS-specific capabilities such as the following:

= High-brightness cold neutrons

= High flux at long wavelengths

= Broad bandwidth

= TOF reciprocal-space coverage

= Multimodal measurements

= Small-sample measurements

» Faster operando imaging and diffraction

= Single-pulse or high-time-resolution measurements

= Measurements in complex sample environments

= Improved access to weak signals, thin films, heterostructures, and small-volume systems

Several reviewers also want a stronger explanation of why cold neutrons are central to each
Grand Challenge. They note that the cold neutron thread becomes lost in places, and some
proposed applications appear more naturally suited to thermal neutrons or other probes unless
the cold neutron advantage is explicitly explained. It may be useful to include a table that provides
example use cases that are mapped to STS capabilities, as reported in Table 3.
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Science case
Metal additive
manufacturing and
synthesis

Fusion reactors (W-
Cu plasma-facing
units)

Hydrogen tech (gas
diffusion layers)

Hydrogen
embrittlement and
influence

Materials degradation

Microelectronic
devices

Issued July 2026

Table 3. Example science cases mapped to STS capabilities.

Explanation

Microstructural evolution,
processing — microstructure —
performance in real time

STS relevance

CN necessary for poorly
crystalline samples, tracking
defect evolution, and highly
textured and coarse crystalline
samples; real-space and
reciprocal-space
characterization

Tags/keywords
Extreme
environments;
operando; physical
thermomechanical
simulation

Material systems
Advanced alloys;
heterogeneous metals;
metal-ceramic
composites

Defect detection at extreme
conditions; microstructural
transformation

Gamma + CN interferometry;
highly Q- and orientation-
resolved diffraction; high flux
per pulse

In situ and operando;
alloy processing;

Nuclear materials;
advanced alloys;
thermal barrier
materials

Evaluate catalyst durability with
electrochemical potential
cycling

CN for quantifying H flux across
membranes

Fuel cell durability

Platinum group metals;
membrane/separation
materials

H diffusion and trapping in
structural and functional alloys;

neutrons good for quantifying H
distribution, BEI, nGl,

alloy processing;
alloy aging; in situ

Structural alloys;
composite materials;

phase and microstructural multimodal capabilities; highly and operando; superconductors
determination; kinetics; Q- and orientation-resolved physical
dehydrogenation and recovery diffraction; high flux per pulse: thermomechanical

simulation
Aging and degradation during Degradation is mesoscale Durability, operando Battery, structural
cycling (thermal, feature, CN are necessary for and in situ; alloys, concrete,
electrochemical, mechanical, this lengthscale; highly Q- and microstructure nuclear materials,
irradiation) for batteries, orientation-resolved diffraction; | transformation; functional materials

structural materials, nuclear
materials; mechanical and
functional failure

high flux per pulse; multi-length-
scale analysis

structural evolution

Quantification of deterioration
and damage in devices and
failure analysis

CN necessary for defect
tracking (crack initiation and
growth); diffraction

Durability/failure

Microelectronics;
semiconductors;
functional materials;
solder alloys
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One way of justifying the case for STS is to also compare to other available methods (e.g., high-
energy synchrotron X-rays, X-ray free electron laser, electron microscopies, NMR, existing
neutron sources such as FTS, HFIR, NIST Center for Neutron Research, ISIS, European
Spallation Source, Japan Proton Accelerator Research Complex, and others). Reviewers do not
want the report to claim generic complementarity. Instead, they want the Grand Challenges to
identify neutron-essential problems: cases where X-rays, electrons, or lab-based methods
cannot provide the needed information.

The following examples were cited:

= Hydrogen and water inside dense engineering components

»= Magnetic structures and dynamics

= Isotopic and light-element contrast

= Bulk measurements of centimeter-scale samples

= Coarse-grained additive-manufactured metals

= nGl and BEI

= Multimodal bulk measurements under realistic operating conditions
= Actinide local structure and magnetic/vibrational dynamics

Role of Al

The reviewers agree that the Al section is too generic, is not uniquely tied to STS, and misses
several major opportunities. In particular, reviewers recommended that the AI/ML sections be
revised as follows:

= Make Al an integrated, upstream part of the experiment—not just postprocessing.
o Steer experiments in real time, rather than analyze data afterward.
o Optimize beam time, choose measurement conditions, and decide when to move
to the next sample.
o Automatically align timing, instrument configuration, and sample conditions.
= Use Al to enable new science, not just faster science.
» Emphasize closed-loop, autonomous, self-driving experiments.
= Hypothesis — experiment — data — model — next action.
= Highlight agentic Al (Genesis Mission language).
» Use Al to handle high-fidelity data unique to STS.
= Use Al for inverse problems and advanced data reconstruction.
» Address data standards, metadata, and findable, accessible, interoperable, and reusable
(FAIR) infrastructure. The Al vision is incomplete without data infrastructure plan.

Non-Neutron Community Review

Summary of Document Review

The feedback from non-neutron community is generally focused on the need for a sharper, more
specific case for what STS uniquely enables. Reviewers emphasized that the current framing is
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often too generic and should more clearly distinguish neutron capabilities from high-energy
synchrotron X-rays, lab-based methods, NMR, muons, and other techniques. The report should
identify “neutron-essential” science cases, provide quantitative requirements for spatial/temporal
resolution and sample size, and include comparison tables showing where neutrons provide
unique advantages.

The reviewers emphasized the importance of bulk, in situ, and operando characterization of
complex materials under realistic conditions. Neutrons are especially valuable for centimeter-
sized samples or whole parts, heterogeneous systems, light elements (hydrogen), isotopic
contrast, magnetic contrast, and coarse-grained materials where synchrotron methods are
limited. Suggested examples include wire-arc AM, multi-principal-element alloys, hydrogen
solubility and release in metals, molten salt reactor materials, rare earth composites, geothermal
grouts, metal—organic framework compounds, advanced nuclear fuels, critical minerals, ceramics,
minerals, and construction materials.

Several reviewers highlight defect science as a compelling opportunity. Vacancy behavior,
defect migration, diffusion-controlled processes, and defect evolution in bulk crystals are difficult
to capture with transmission electron microscopy or atom probe tomography because these
techniques sample very small volumes and can perturb defect behavior. Neutron diffraction and
related methods could provide unique insight into defect behavior in representative bulk materials,
especially under processing or nuclear-relevant conditions.

The AI/ML discussion is viewed as important but underdeveloped. Reviewers caution against Al
hype and note that neutron experiments are not inherently high-throughput enough to generate
large training datasets alone. A stronger framing would position STS experiments as sources of
high-fidelity ground truth data for validating physics-based models, digital twins, and surrogate
datasets used in Al workflows. The report should specify what neutron data are uniquely needed,
how they enter ML and digital twin pipelines, and whether autonomous or closed-loop
experiments are feasible, useful, and safe.

Reviewers also recommend emphasizing the role of cold neutrons, clarifying feasibility of
extreme-pressure neutron experiments, and articulating a forward-looking vision for science in
the 2035 timeframe. Workforce development and human judgment should remain central because
Al can accelerate analysis and planning but cannot replace creativity, intuition, or serendipitous
discovery.

Overall, the report should become more concrete, future-oriented, and capability-driven.

MSE STAC Instrument Concepts

MSE1 Multimodal Single-Exposure Neutron Imaging

Instrument Overview
The next generation of neutron instruments must move beyond determining what phases are
present to probing where the phases are, how they are connected, and how they evolve in space
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and time. The proposed imaging instrument concept is a multimodal multi-length-scale imaging
instrument that spatially and temporally resolves neutron imaging and scattering information in
complex, heterogeneous samples with practical dimensions. Imaging is the ideal technique for
the measurement of heterogeneity in complex modern functional materials and components.
Heterogeneity is important because the critical behaviors that define performance, reliability, and
lifetime rarely emerge from averages. Materials fail locally. Chemical gradients evolve locally.
Phase transformations initiate locally. Defects nucleate, propagate, and interact across length
scales in fields that are fundamentally spatial in nature. Yet many neutron methods still reduce
complex systems to bulk-averaged signals, obscuring the very mesoscale structure—property
relationships that govern real-world functionality.

This novel instrument concept aims to increase the spatial and temporal resolution of
hyperspectral neutron imaging by using as much of the transmitted and scattered beam as
possible and combining the resulting multimodal, multi-length-scale signals with Al to enhance
experiment operations, data analysis, and the user experience. The instrument will enable a suite
of advanced capabilities, including 3D small-angle grating interferometry for spatially resolved
microstructural correlations, coded prompt gamma activation analysis for localized elemental
sensitivity, and wavelength-resolved scattering signals such as Laue diffraction for
crystallographic mapping in complex bulk systems.

The proposed instrument (Figure 5) implements multimodal single-exposure neutron imaging that
captures four complementary signals at once. A pulsed, polychromatic neutron beam passes
through the sample and is recorded on an on-axis transmission detector that yields hyperspectral
radiographs. This arrangement provides both wavelength-resolved attenuation imaging
(radiography/computed tomography [CT], length scales of ~10 ym to centimeters) and Bragg
edge spectra that probe atomic-scale structure (~0.1 A) for phase, strain, and texture. Embedded
in the most upstream detector data is the 3D small-angle nGl. This novel technique is sensitive
to features between a few nanometers to a few micrometers that lie below direct imaging
resolution. The downstream transmission detector intercepts the otherwise unused beam to
record scattering data (~1 nm) simultaneously.
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Figure 5. Multimodal single-exposure imaging instrument for STS

Two additional angled detectors provide additional TOF scattering data simultaneously. These
data can be routed to an Al multimodal decoder, which disentangles these overlapping channels
from the same acquisition. Use of these detectors enables reconstruction of data acquired at sub-
second timescales, fast enough to follow real-time kinetics such as phase transformations under
tension or dynamic temperatures. The result is a continuous structural picture spanning roughly
six orders of magnitude in length, from atomic spacing to component-scale geometry. These data
are taken simultaneously rather than across separate experiments.

Two additional characterization modalities are also installed at this instrument. An X-ray CT
system provides high spatial resolution (on the order of 1 um) with the ability to complement the
materials sensitivity of the neutron CT. The second modality, prompt gamma activation analysis,
measures impurities in a bulk sample using prompt gammas produced by the neutrons interacting
with the sample. This unique technique enables the measurement of any element on the periodic
table, except helium. This enables the elemental analysis of sample composition.

The role of Al and ML in this instrument concept is not speculative. In fact, Al/ML tools are being
applied to augment current neutron imaging capabilities at FTS and around the world. Continued
development and application of Al/ML tools will be critical to produce high-quality science using
unprecedented data volumes from STS. In the area of experiment operations, Al-guided
management of acquisition time, regions of interest, and on-the-fly decision tools will enable
researchers to make the best use of highly sought-after beam time. For data reduction and
analysis, Al will enable use of edge compute for large-scale hyperdimensional data reduction,
subpixel imaging, and the application of physics-informed models to enable multiscale
understanding. Finally, Al tools will support user development by using imaging as a gateway with
agentic Al helping to identify complementary techniques and beamlines.
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The Need for STS

With the increase of cold neutron flux available at STS, this instrument will be able to measure at
the subpixel level while offering a much broader wavelength bandwidth of AA = 8 A compared with
the existing FTS imaging instrument, which is limited to AA = 2.5 A at 60 Hz. STS will provide
access to understanding new material classes by extending access to wavelengths of 4-20 A. As
a high-flux, pulsed cold neutron source, STS will enable novel wavelength-dependent imaging
techniques. The proposed instrument at STS will complement HFIR by providing imaging at a
pulsed source needed for operando wavelength-resolved studies. This instrument at STS will
complement FTS by providing high flux and bandwidth for effective 4D imaging measurements in
the cold neutron spectrum.

Impact of the Proposed Instrument

In a single in operando or in situ experiment, the proposed beamline will track dynamic
phenomena in the context of macroscopic geometry. This capability will enable real-time
visualization of phase transformations, reaction fronts, or mechanical deformations while
resolving the lattice response, dislocation/precipitate-scale features, and microstructural texture.
The sub-second frame rate enables genuinely transient processes that can only be captured by
a multimodal beamline.

The proposed instrument addresses two Grand Challenges, as revised by the MSE STAC, by
enabling the real-time study of dynamic and kinetic materials behavior under real conditions,
including extreme environments.

e Grand Challenge 3: Accurate digital twins to accelerate discovery, development, and
deployment of new materials. Materials characterization will be achieved across a wide
bandwidth to capture multiscale, grain-dependent, and multidimensional data to provide
high-fidelity ground truth data processed for physics-based model validation and
enhanced understanding of material behaviors.

¢ Grand Challenge 4: Engineering material life cycles for a materials economy that mitigates
materials criticality issues. Data-dense materials characterization across a wide
bandwidth will provide multiscale insight through optimized experiment operations and Al-
enabled data reduction and analysis to allow creation of new materials without the
limitation of materials criticality.

MSEZ2 Materials Oscilloscope

Instrument Overview

The Materials Oscilloscope is a high-precision diffractometer with highly pixelated detectors
covering 3/4-spherical diffraction space. The long beam path allows high Q-resolution (0.1%),
which is ideal for wide-Q neutron scattering (WQNS) measurements that capture small lattice
strains. The instrument also includes an SQNS detector for capturing larger microstructural
features. The instrument will include a large flexible sample space (1.5 m diameter) suitable for
on-the-beam experiments, including thermal, mechanical, electrochemical, and a wide range of
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other custom environments. The instrument will return a large volume of data from the 2D
detectors and experimental setups (e.g., sample temperature, load cell output, bulk strain), and
Al integration will allow real-time data reduction so that beam optics can be adjusted for
measurement in key sample regions. Al steering will ensure that rare events (e.g., void formation,
delamination, grain reorientation, crack initiation, localized strain) are not missed due to poor
sampling statistics. Here, classical first experiments include the location of void nucleation of
early-onset fracture in a sample whose geometry does not allow for the precise a priori location
of the most probably crack location (i.e. stochastic material properties or random fracture
formation in tension specimen). The ability to locate such fractures in their nascency would be
transformative for failure-critical and fatigue-critical industries such as jet propulsion, subsonic,
supersonic, and hypersonic transport.

Relevant Grand Challenges

Both MSE Grand Challenges—accurate digital twins to accelerate discovery, development, and
deployment of new materials and engineering material life cycles—require an elevated
understanding of materials structure across a wide range of length scales. There is a need for
capturing transient materials properties and behaviors in extreme environments during
advanced manufacturing processes including metal or ceramic AM and service life of materials in
aerospace, nuclear, and energy applications. The transient and nonequilibrium properties are
inherently the most difficult to measure, and most neutron instrumentation available for materials
engineering studies are optimized for ex situ, static, or quasi-static characterization of materials
properties. The transient and nonequilibrium behaviors are necessary for generation of accurate
materials models (molecular dynamics, phase field, and finite element), which can be used as
digital twins for both manufacturing optimization and materials life cycle analysis. Characterization
of materials in accelerated tests to mimic long-term performance scenarios for durability and
degradation predictions are critical for materials life cycle assessment, and behavior in bulk
materials that are not suitable for synchrotron approaches provides more accurate analogue to
real performance conditions.

Instrument Capabilities

A gently focusing elliptical neutron guide delivers a high-brilliance incident beam of small spot
size to illuminate a small number of grains in the material. The divergence must be matched with
the optics of the setup (e.g., point-spread function at the detectors). Many flat-panel pixel
detectors with TOF analysis cover the solid angle around the specimen, leaving space for sample
environment. The inclinations of the scattering vectors lie 90° + 6 from the forward beam direction,
where 20 is the scattering angle of the pixel where the event is detected. The length of the
scattering vector is measured by TOF. The azimuth is given by the rotation angle around the
incident beam axis. The backscattering detectors are closer and deliver higher reciprocal-space
resolution. Simultaneously, SQNS signal is measured in two dimensions by a TOF pixel detector
in a small-angle camera where the detector distance can typically be adjusted for high reciprocal-
space coverage or high resolution. Figure 6 illustrates the instrument concept, and Table 4
summarizes the instrument features. Both backscattering and SQNS signals benefit
tremendously from the high source brilliance at small incoming wavenumbers (long wavelengths).
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The highly pixelated detectors are suitable for capturing very small diffraction peak shift and for
resolving neutron trajectory to discern sample vs. test environment.

pixel
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Figure 6. Diffractometer layout consisting of an elliptical neutron guide, scattering position, a set
of pixel detectors, and a small-angle chamber SQNS.

Table 4. Instrument features.

Feature Specification
Beamline length 75 m (tube moderator)
Neutron beam KB mirror
Beam spot size 2 x2mm to 300 x 300 um
Wavelength range 1-20 A, selectable in 3.5 A bands (@15 Hz) or 7 A (@ 7.5 Hz)
Highly pixelated
Backscatter, WQNS, SQNS
Q-resolution <0.1%
Sample size 1 mm to 50 cm
Sample space 1.5 m diameter with 3 m height

Detectors

Al Integration

The high-fidelity scattering data will require real-time data reduction for adaptive mesh style of
experiment optimization. Al-steered optics allow active sampling of key materials features
(texture, strain, phases) and region of interest targeting as wavelength range is adjusted and
spatial position in the sample is shifted, along with resolution vs. flux optimization in response to
sample scattering. This instrument will leverage Al methods for beam control, sample
environment control, data acquisition optimization, and data reduction/processing. The Al
capabilities must be built in parallel to the infrastructure because Al methods are central to data
reduction and experiment optimization. The instrument will generate massive training data for
experiment planning, model validation, and generation of digital twin framework. In addition, the
Al-enabled steering will allow for streamlined instrument configuration, calibration, and training to
expand the user base to industrial users (moving beyond the expert scientist user base) without
creating added burden on beam scientists.
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Chemistry & Catalysis STAC

Grand Challenge Science Review

STS offers an unprecedented opportunity to meet Grand Challenges through next-generation
neutron beamlines purpose-built for catalysis, separations science, energy storage, materials
discovery, critical minerals and materials, and chemical design. By leveraging STS’s brightness
and broad wavelength bandwidth, world-leading beamlines dedicated to chemical sciences would
deliver sub-second resolution, which would be fast enough to capture chemical processes in real
time. Each pulse would provide complete diffraction and spectroscopic datasets for quantitative
analysis. This never-before-seen capability transforms the study of catalytic interfaces with
neutrons from static snapshots into a full kinetic picture. Such neutron studies enable researchers
to directly observe restructuring, solid electrolyte interphase growth, catalyst degradation
pathways, and heterogeneous catalysis kinetics. A remaining challenge is to seamlessly integrate
advanced sample environments, multimodal workflows, and Al-driven data interpretation. Such
synergy between Al, advanced neutron diffraction instrumentation, and STS beam characteristics
would offer a world-leading platform to not only resolve long-standing scientific questions in
chemistry and catalysis but also accelerate translation to practical, durable energy technologies.
Below are specific grand challenges identified by the CC STAC:

Enabling Operando Research on Real Systems: STS will facilitate the study of practical
chemical systems—including catalysts, thin films, and metastable materials—directly within active
gas, liquid, and electrochemical operating environments.

Precision Tracking of Light Elements: By utilizing high-brightness cold neutrons and a broad
energy bandwidth, researchers can precisely locate and monitor the movement of hydrogen,
solvent molecules, and ions.

Observation of Kinetic Intermediates: The facility’s high brightness and event-mode data
capabilities allow researchers to identify transient intermediates and follow rapid chemical
transformations as they occur.

Critical Impact on Energy Technology: These advancements are essential for developing next-
generation technologies, such as battery interphases, electrochemical synthesis, and porous
materials for gas storage and separations

The science performed on the instruments should also address the following specific DOE grand
challenges.

DOE BES Grand Challenge 2: How do we design and perfect atom- and energy-efficient
synthesis of revolutionary new forms of matter with tailored properties?

DOE BES Grand Challenge 3: How do remarkable properties of matter emerge from complex
correlations of the atomic or electronic constituents and how can we control these properties?
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DOE BES Grand Challenge 5: How do we characterize and control matter, especially very far
away from equilibrium?

CC STAC Science Review

The CC STAC emphasizes that STS will usher in a fundamental paradigm shift for chemical
research. Historically, neutron scattering has been used as a late-stage characterization tool
constrained by the need for large sample volumes. The unique configuration of STS—combining
high-brightness cold neutrons, an expanded broad bandwidth, advanced focusing optics, and low-
background instrument designs—transforms the technique into a highly practical probe capable
of analyzing real, complex chemical systems under true operating conditions. This advancement
will allow researchers to routinely investigate sub-milligram powders, microcrystals, thin films,
buried interfaces, and highly heterogeneous catalyst platforms that are currently unviable at FTS.

For the chemical sciences, the utility of STS hinges on an expanded definition of operando
research. True operando characterization requires far more than merely tracking static
temperatures or pressures; it demands the continuous control of gas and liquid flow rates, precise
humidity dosing, variable electrochemical potentials, and isotope-switching manifolds. Because
active catalytic sites, transport membranes, and battery interphases exist in their functional states
only while operating, they must be monitored without being removed from their working
environments. The committee underscores that the STS instrument gains can only be fully
realized if these low-background, complex sample environments are integrated as core,
foundational capabilities alongside synchronized product and transport analytics.

Crucially, the timescales of interest to the chemistry community extend beyond ultrafast
excitations to embrace chemically relevant kinetics spanning from milliseconds to hours. Utilizing
the event-mode data structure of STS, scientists will no longer take isolated structural snapshots;
instead, they will generate continuous kinetic “movies” of nonequilibrium chemistry. This capability
is essential for mapping transient intermediate states, tracking ion transport, observing catalyst
induction, and witnessing real-time degradation or deactivation pathways as they evolve across
multiple length scales.

Furthermore, the high brightness and broad bandwidth of STS enable the development of next-
generation multimodal instrument concepts. By pairing neutron scattering simultaneously with
complementary in situ probes—such as Raman, UV-vis, or optical spectroscopy—researchers
can directly correlate atomic-scale structural dynamics with electronic and chemical signatures in
real time. This multimodal approach is uniquely suited to tracking light elements (such as
hydrogen, lithium, carbon, nitrogen, and phosphorus) that possess weak X-ray cross sections but
drive the functionality of engineered fuel cells, batteries, and chemical reactors. It will also provide
unprecedented insights into porous and molecular catalyst platforms—including metal—organic
frameworks, covalent organic frameworks, and zeolites—by locating hydrogen/deuterium-
containing guests, observing framework breathing, and defining how local defects dictate catalytic
function.
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To maximize the impact of these complex experiments, STS must deliver Al-ready datasets. This
capability requires capturing machine-actionable metadata that detail the entire operational and
chemical history of the experiment—including sample synthesis, flow rates, electrochemical
current, and analytical uncertainties—alongside the scattering data. Such comprehensive data
streams are vital for training advanced ML models, connecting atomic structure to macroscopic
chemical function, and enabling adaptive, autonomous experiments. Ultimately, by facilitating
experiments that are fundamentally impossible at FTS, STS will provide the insights necessary to
secure U.S. technological leadership, drive domestic manufacturing, and safeguard national
energy security.

The CC STAC provided feedback on relevant sections of the Grand Challenges document by
providing tracked changes, including detailed comments and rewording. This version was
provided directly to ORNL management. These revisions are intended to help sharpen the
argument for STS by explicitly distinguishing it from existing facilities, emphasizing that it enables
entirely new experimental regimes: combining small sample sizes, high time resolution, and
complex environments in ways not currently possible. At the same time, the scope of applications
is broadened to include critical areas such as separations, energy systems, and supply chains,
strengthening alignment with DOE priorities.

The wupdated text introduces a more forward-looking vision, highlighting multimodal
measurements, Al-driven workflows, and early-stage materials discovery and positioning neutron
scattering as an active tool for discovery rather than post-synthesis characterization. The
revisions also create a clearer, more compelling narrative in which STS enables real-time,
operando, multiscale insight into chemical systems that are currently inaccessible to a broad
community of chemists yet are critical for advancing energy and materials technologies.

The CC STAC referred to the comprehensive report Advancing Catalyst Frontiers at the Second
Target Station [15]. The key points of that report are well articulated and strongly aligned with the
findings of the CC STAC review. Therefore, the committee encourages incorporation of its major
points into the revised science case for the STS report.

In summary, the revisions from CC STAC strengthen the relevant report section by shifting it from
a descriptive overview to a more mechanistic, kinetics-focused science case. The updated
narrative emphasizes that the key scientific gap lies in understanding time-dependent,
nonequilibrium processes, positioning STS as uniquely capable of capturing real-time chemical
evolution rather than static structure. The clearer and more rigorous definition of operando
chemistry—expanded to include controlled gas and liquid environments, electrochemical bias,
and isotope switching—is included. This reframing establishes operando capability as central to
the science case, rather than a secondary feature.

Neutron Community Review

Based on the available reviewer input, the chemistry and catalysis science case is viewed as
fundamentally strong. Reviewers consistently emphasize that the scientific motivation is
compelling and highly relevant, particularly in areas central to national priorities such as chemical
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manufacturing, energy conversion, hydrogen technologies, CO: utilization, and biomass
processing. However, they note that the narrative does not yet effectively translate this strength
into a persuasive and coherent case for STS.

A primary comment is the lack of a clear, logical progression. The current narrative often
introduces STS capabilities too early, without first establishing the underlying scientific
bottlenecks and missing observables. As a result, the case feels asserted rather than
demonstrated. Reviewers recommend restructuring the section to move systematically from
societal and technological challenges to key catalytic questions, limitations of current techniques,
specific measurement gaps, and finally to how STS uniquely addresses those gaps. This
reorganization would make the argument more rigorous and easier to follow.

Reviewers also highlight that the range of catalytic applications presented is too narrow, limiting
the perceived breadth and impact of STS. Although selected examples are scientifically valid,
they do not fully represent the diversity of catalysis challenges where neutron methods could be
transformative. Expanding the case to include CO- reduction, hydrogenation/dehydrogenation,
electrocatalysis, biomass conversion, plastics upcycling, and catalyst degradation/regeneration
would better demonstrate the wide applicability of STS and strengthen the overall impact
narrative.

Another key critique is that the unique neutron advantage is not articulated with sufficient clarity
or specificity. Although the document mentions well-known strengths—such as sensitivity to
hydrogen and light elements, isotope contrast, penetration, and operando capability—it does not
clearly demonstrate how STS can enable measurements that cannot be achieved by other
techniques, either alone or in combination. In particular, the case needs to more explicitly connect
neutron capabilities to the ability to probe transient intermediates, buried interfaces, and coupled
structural-dynamical processes under realistic conditions, which remain inaccessible with
existing probes.

Moreover, the integration of Al and modern experimental workflows is underdeveloped. While Al
is discussed elsewhere in the broader report, it is not meaningfully incorporated into the catalysis
section. Reviewers identify a significant missed opportunity to position STS as an Al-enabled,
autonomous discovery platform where high-throughput, multimodal, and operando data streams
feed directly into closed-loop experimentation and catalyst design. Strengthening this connection
would align the chemistry case with emerging paradigms in data-driven science.

Finally, although catalysis science is inherently well aligned with DOE priorities, the explicit
connection to DOE mission areas is not sufficiently developed. The narrative would benefit from
more direct mapping of catalysis challenges to strategic goals in energy resilience, critical
materials, sustainable manufacturing, and Al-enabled discovery, thereby reinforcing the broader
national importance of the proposed capabilities.

Overall, reviewers conclude that the chemistry and catalysis case is scientifically strong but would
benefit from a clearer structure and more explicit presentation of its key arguments. Strengthening
the narrative requires clearer logical flow, broader and more representative application examples,
a more concrete articulation of the unique neutron advantage, and stronger integration of Al and
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DOE mission relevance. Ensuring clear articulation of these core ideas will produce a compelling
justification for STS.

Non-Neutron Community Review

A small number of reviews from the non-neutron community was received, so it was incorporated
into the discussion above.

CC STAC Instrument Concepts

CC1 Diffractometer with Wide Q-Range and Polarization Capabilities

This instrument will enable fundamentally new measurements of dynamics, interfaces, and small
and/or hydrogenated materials under realistic conditions, via time-resolved and operando
studies beyond current capabilities. The diffractometer will have a strong impact on energy
materials, chemical manufacturing, separations and critical materials, Al-driven discovery, and
advanced manufacturing—areas that are relevant to U.S. competitiveness and energy security
and directly aligned with DOE priorities. This instrument will provide novel capabilities, broaden
the user base, and generate early research breakthroughs and high-impact publications.

Description of the Proposed Instrument.

The CC STAC proposes a next-generation, world-leading neutron diffractometer optimized for
operando, time-resolved, and polarization-enabled measurements across a wide Q-range.
The instrument is designed to enable structural and dynamical characterization of small,
complex, and hydrogen-rich materials under realistic operating conditions, including
catalysts, energy materials, separations systems, and functional interfaces.

The instrument will combine bright, polarized cold neutrons with broad bandwidth and event-mode
data acquisition, enabling simultaneous access to structure, composition, and dynamics. It will
feature a large, open, and flexible sample environment area, supporting advanced operando
conditions such as gas and liquid flow, temperature, pressure, electrical bias, and multimodal
stimulus-response measurements. The design incorporates wide-angle detector coverage and
adaptable beam sizes to accommodate varied sample types ranging from microgram powders to
thin films and heterogeneous systems.

Scientific Importance and Impact

Achieving a predictive understanding of chemical function requires direct observation of structure,
composition, and dynamics in working systems across relevant time and length scales. This
includes tracking interfaces that evolve, transient states, and coupled transport (e.g., reaction
processes) at a timescale of nanoseconds to hours under realistic conditions. Such insight is
essential for advancing catalysis, energy storage, separations, and materials manufacturing—the
areas central to U.S. competitiveness and energy security.
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The proposed instrument enables fundamentally new measurements by allowing real-time,
operando studies of small and hydrogen-rich systems, bridging a critical gap between idealized
laboratory conditions and real-world functionality. By enabling simultaneous access to structural
and kinetic information, the instrument will transform neutron scattering from a post-synthesis
characterization tool into a primary platform for discovery. This capability is expected to drive high-
impact advances and early breakthroughs across a broad range of chemical sciences and
engineering applications.

Strength of the Relevant User Community and Scientific Opportunity

The chemical sciences community represents a large and rapidly growing user base with
substantial unmet needs. Currently, approximately 25%—35% of neutron users are from chemical
sciences, yet this portion represents less than 1% of the potential U.S. chemistry community.
Even modest expansion could bring hundreds to thousands of new users, particularly in areas
such as pharmaceuticals, polymers, energy materials, biotechnology, and environmental science.

A central game-changing opportunity is the ability to study realistic organic and hydrogen-rich
materials, which are currently inaccessible due to incoherent neutron scattering from hydrogen.
This limitation prevents structural determination in many technologically relevant materials,
including porous frameworks, hybrid materials, and functional molecular systems.

Polarization-enabled diffraction combined with high brightness will allow filtering of hydrogen
incoherent scattering, enabling structural studies of systems that are currently impossible to
characterize. This capability alone opens an entirely new class of materials to neutron science.

Thus, the maijor scientific bottlenecks include inability to probe buried interfaces and hydrogen-
rich systems using existing techniques; lack of access to relevant timescales under realistic
conditions; insufficient signal for small, complex, or operando samples; and limited capability to
link structure and dynamics directly to function.

Technical Requirements
The instrument design includes the following key technical capabilities:

= Beamline geometry: primary flight path (~40 m); secondary path (2—4 m)

= Wavelength range: ~0.3-8.4 A with broad bandwidth

= Q-range: ~0.006—40 A" with resolution (dQ/Q = 0.15%—15%)

= Polarization: wide-angle supermirror analyzer for hydrogen background suppression

* Beam size: tunable from ~2 x 2 mm? to 10 x 10 mm?

= Detector coverage: large in-plane and out-of-plane coverage for simultaneous multiscale
measurements

= Sample environments: full range including temperature, pressure, magnetic and electric
fields, and reactive gas/liquid environments

» Sample area: large, open, and accessible geometry for flexible operando setups

These specifications are designed to maximize versatility, enabling complex experiments that
integrate structure, dynamics, and function under realistic conditions.
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How effectively does the instrument leverage unique STS characteristics?

The scientific capabilities of this instrument will be enabled by the unique characteristics of the
STS source. High peak brightness will enable fast data collection on small (milligram-scale)
samples, compensation for flux losses from polarization filtering, and real-time operando
measurements. Broad-bandwidth cold neutrons will allow for simultaneous access to multiple
length and time scales and efficient data acquisition without repeated instrument reconfiguration.
The short-pulsed cold neutrons will enable time-resolved measurements with significantly
improved resolution compared to current facilities, resulting in direct observation of kinetic
processes relevant to chemistry and materials function. Event-mode data acquisition will allow for
continuous, real-time kinetic mapping of operating systems, generating datasets for Al and ML
tools.

Collectively, these features will allow for tracking of catalyst activation, adsorption/desorption,
isotope exchange, phase transitions, transport, and degradation. The instrument concept
supports multimodal experiments combining neutron scattering with complementary probes.
Open instrument and sample design will allow integration of flexible, user-defined operando
environments, support multimodal measurements and complex experimental geometries.

Together, these features uniquely position STS to enable time-resolved, operando, and
polarization-enabled neutron measurements that are not feasible at any existing facility. The result
is a transformative capability for studying dynamics, interfaces, and hydrogen-rich materials under
realistic conditions, directly addressing critical scientific and technological challenges.

CC2 Wide Dynamic Range Spectrometer

This instrument is designed specifically to map the complex atomic and molecular dynamics of
real-world chemical systems. Operating at a source frequency of 15 Hz, this instrument harnesses
a high-brightness neutron source that provides a 100-fold increase in flux compared to existing
instruments. This advancement vastly accelerates acquisition times and enables unprecedented
in situ and operando observations in catalysis and chemical systems.

Description of the Proposed Instrument.

Merging quasielastic neutron scattering (QENS) with INS: A defining characteristic of this
proposed spectrometer is its capability to access wide energy transfer ranges from 0.01 meV to
250 meV within a single experiment. This extensive window allows it to bridge multiple dynamic
domains simultaneously. QENS is used for tracking slow, localized motions, including lithium or
sodium ion diffusion, hydrogen dynamics in polymer electrolytes, and hydrogen rotation in
polyhedral units. INS is used for capturing high-energy vibrational spectra of organic solvents and
mapping the total phonon density of states. Therefore, in one single experiment, users can
determine dynamics such as diffusion of a targeted species while simultaneously obtaining the
chemical signatures of the system being studied.
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Scientific Importance and Impact

Equipped with a high neutron flux at the sample, the spectrometer overcomes historical sensitivity
limitations across the periodic table. It allows precision tracking of light elements like lithium,
sodium, and cobalt, which typically have much smaller scattering cross sections than hydrogen.
The instrument is optimized to pursue rapid, time-resolved operando studies to reveal kinetic
intermediates as chemical systems change under working conditions. Supported by versatile
sample environments, such as gas dosing, variable temperatures, and electrochemical potentials,
it can track fast millisecond-scale processes and real-time structural changes. Furthermore, the
high brightness accommodates a wide array of sample types; it functions efficiently with tiny single
crystals, small sample volumes, or polycrystalline materials like powders and liquids.

To maximize its scientific impact, the spectrometer will be integrated with an intelligent Al layer
designed to lower the barrier to entry for nonexpert users.

= Before beamtime: Al uses digital twins to simulate scattering signals and optimize initial
sample conditions.

* During beamtime: Al automates real-time analysis, dynamically optimizing counting
times to catch fleeting structural transitions.

= After beamtime: An Al model extracts advanced kinetic models and automatically
recommends subsequent measurements.

This holistic concept ensures that the next generation of materials for energy storage,
neuromorphic computing, critical minerals and materials, and separation science can be
developed rapidly and efficiently.

Strength of the Relevant User Community and Scientific Opportunity.

The proposed wide dynamic range spectrometer targets a massive and expanding scientific
community across the chemical and materials sciences, where a mere 1% growth in this user
base translates into hundreds to thousands of new participants. By integrating an adaptive Al
layer and advanced automation, the instrument significantly lowers the barrier to entry for
nonexpert neutron users. This approach facilitates access for students, industry researchers, and
educators, allowing them to extract high-quality chemical answers rapidly without requiring deep,
legacy expertise in neutron scattering. This multidisciplinary community is uniquely positioned to
tackle pressing grand challenges with a critical impact on energy technology, catalysis,
separations science, sustainability, and next-generation computing.

Key scientific opportunities center on achieving a real-time, operando understanding of how
catalysts, batteries, separation platforms such as microporous materials, and chemical interfaces
change under actual working conditions. Researchers will be able to precisely track light and
critical elements, observe short-lived kinetic intermediates, and map real-time molecular diffusion
dynamics across broad energy regimes. This includes capturing complex phenomena like lithium
or sodium ion diffusion, hydrogen dynamics in polymers or electrolytes, and molecular rotations
in polyhedral units. Furthermore, the instrument opens transformative avenues in separations
science for capturing critical elements and provides the foundational physics necessary to design
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low-power, brain-inspired computing architectures. This convergence of an inclusive user base
and profound scientific opportunities promises to amplify the facility’s global research impact.

Technical Requirements

The instrument requires the following technical details:

» Primary flight path, source to sample is 40-50 m

= Secondary flight path, sample to detectors is 3 m

= Wavelength range 2.7-7.2 A for the primary flight path given

* Flux at the sample 108 n-cm™2-s™"

» Energy transfer range of 0.01-250 meV

= Aresolution of dQ/Q equal to 3% (for single crystals) to 15% (for liquids)

» Polarization capabilities that include only measuring the spin-flip/non-spin-flip channels

= Approximate beam size of 5 mm x 5 mm

= Detector coverage in the horizontal of 155° in 26

= Sample environments key for performing in situ and operando studies include high/low
temperature, gas dosing, and ability to apply electrochemical potentials

» To accommodate future equipment, including Al-driven automation and multimodal
measurement systems, the sample area should be built large and accessible

How effectively does the instrument leverage unique STS characteristics?

This spectrometer is engineered to exploit the unique high-brightness and cold neutron
capabilities of STS, operating at a 15 Hz source frequency. A standout feature is its ability to
provide unprecedented access to a wide energy transfer range from 0.01 meV to 250 meV within
a single instrument, seamlessly bridging QENS with INS regimes. The instrument leverages a
100x% increase in neutron brightness to deliver a substantial flux at the sample, which effectively
overcomes the long-standing “sensitivity gap” across the periodic table. While hydrogen
possesses a massive scattering cross-section of approximately 80 barns, other critical elements
like lithium (1.4 barns), sodium (3.3 barns), and cobalt (5.6 barns) have much lower cross
sections. The enhanced STS brightness allows these weaker-scattering elements to achieve the
exact same counting statistics rapidly. Consequently, this high brightness eliminates traditional
limitations like slow measurement times or the requirement for large sample volumes, enabling
accelerated in situ and time-resolved operando studies on realistic, small-scale samples or even
single crystals.

Additionally, high-brightness cold neutrons make polarized neutron diffraction practical on realistic
samples, successfully filtering out the large incoherent backgrounds that typically obscure vital
structural data in hydrogen-rich organic, hybrid, or porous materials. Coupled with STS event-
mode data and Al-driven automated optimization, the spectrometer maximizes beamtime
efficiency and transforms raw data collection into immediate chemical insights.
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Soft Matter & Polymers STAC

Grand Challenge Science Review

SMP STAC Science Review

The Soft Matter & Polymers STAC identifies Grand Challenge 7, Understanding Dynamics in
Nonequilibrium Systems, and Grand Challenge 8, Mastering Hierarchical Assembly and
Multiscale Design, as aligning well with the needs of the soft matter and polymer communities.
Nature-inspired and adaptive soft materials are central design elements in a wide range of
technologies, from electroactive interfaces and drug delivery systems to wearable electronics and
soft robotics. Their reconfigurable nature endows them with functionalities that are highly sensitive
to—and tunable by—their local environment, enabling exceptional opportunities in designing
active and “living” matter.

Understanding emergent organization, kinetics, and dynamics of molecular structures allows for
precise, real-time control of material performance. Examples include soft robotics and electronics,
synthetic biology, active condensates, programmable bio-inks, neuromorphic materials,
biosensing interfaces, and smart drug delivery platforms.

A key feature of soft materials is that their structure and dynamics often evolve when external
forces drive them far from equilibrium. Capturing these nonequilibrium pathways is essential to
developing time- and energy-dependent structure—processing relationships, thereby enabling the
rational design of advanced manufacturing technologies.

A major bottleneck is the lack of instrumental capabilities for resolving how molecular components
self-organize and evolve into heterogeneous structures on fast timescales in response to stimuli,
energy conversion, chemical reactions, or processing conditions. This issue is primarily due to
the long acquisition time (relatively lower flux) and limited wavelength range of standard SANS
instruments and neutron spectrometers, preventing time-resolved studies of associated kinetics
(second or subsecond timescales) or transient dynamics (picosecond to nanosecond timescales)
along nonequilibrium pathways.

Furthermore, the complexity of these materials requires selective characterization of building
blocks paired with fast acquisition times for studies of kinetic and dynamic responses or focused
beams for studies of structural and dynamic heterogeneities under gradient fields. Addressing
these bottlenecks is essential for materials design and for bridging experiments with predictive
molecular simulations and ML algorithms. The high peak brilliance and broad bandwidth of STS
provide unprecedented capabilities for such measurements, enabling high-throughput data and
empowering Al-assisted materials design.

Science Case 1

Multicomponent, complex fluids underpin countless foundational technologies, from paints and
coatings to personal care products and advanced manufacturing. Yet despite their ubiquity,
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quantitative models capable of predicting their flow behavior in anything beyond simple flow fields
remain largely absent. For example, miles per day of lithium-ion battery electrodes are
manufactured using high-solid-content slurries: an important class of soft matter consisting of
dense, multicomponent suspensions of polymers, conductive additives, and active-material
particles. These slurries are essential to manufacturing the batteries that go into electric vehicles
and grid-scale battery energy storage systems, but current rheological models cannot keep pace
with rapid innovation in active-material chemistries needed for faster-charging electric vehicles
and lower-cost battery energy storage systems.

Neutrons are uniquely capable of probing structure in difficult-to-process systems such as high-
temperature/high-viscosity polymer melts, polymers in organic solvents, and highly loaded
nanocomposites for energy and high-performance applications. Measuring microstructure and
dynamics during processing using neutron scattering with a small (micrometer-sized) beam
footprint is necessary to generating data-driven Al models connecting microstructure
development under flow with external fields during advanced manufacturing processes. Such
models can then be used scientifically and to enable rapid translation to industry.

Developing these quantitative models demands new sample environments that replicate complex
flow profiles, such as orthogonal fields increasingly employed in processing conditions, while
providing the spatial (micrometer) and temporal (sub-millisecond) resolution needed to track
component distributions in real time. The resulting datasets must then train Al-accelerated,
physics-informed frameworks capable of linking flow behavior to microstructure and predicting
slurry evolution across complex geometries. User support such as clearly defined and published
software and hardware interconnects for sample environments (e.g., footprint, power, beam API)
will be essential. This capability will allow newcomers as well as experienced users to develop
and test equipment for integration into beamline capabilities. Computational support for
simultaneous multimodal analysis, in situ data reduction, and autonomous experimentation will
increase the impact and translation potential of such instrumentation.

A combined imaging and scattering instrument with enhanced spatial resolution (~25 um?3 voxels)
and SANS-like (1-200 nm) sensitivity to nanoscale and mesoscale structure is required. Such an

instrument would, for the first time, directly connect microstructural evolution to material
segregation in gradient fields, providing the foundational data needed to build quantitative,
predictive models for next-generation battery materials. This instrument could leverage nGl to
achieve unprecedented spatial resolution with new detector concepts to enable a revolution in the
quality of measurements across nanometer to millimeter length scales.

Science Case 2

Electrochemical transformations rely on porous electrodes whose structural features span
nanometers to millimeters. During operation, polymeric, carbon, and inorganic interfaces and
interphases continuously form, evolve, and must be stabilized to ensure long-term performance.
In lithium-ion batteries, these interphases represent an emerging class of soft matter: composite
structures created through the controlled degradation of electrolyte components. Their chemistry,
morphology, and mechanical properties remain largely unknown, yet they govern high-rate
performance, safety, and cycle life. Consequently, quantifying the properties of these interphases
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is essential for engineering next-generation battery materials that enable fast-charging electric
vehicles and low-cost, grid-scale energy storage.

Existing characterization tools cannot probe interphases during operation. Electron microscopy
and most spectroscopies require cell disassembly, destroying the delicate interphases formed by
cycling. X-rays can access the relevant length scales operando but lack the contrast needed to
resolve low-electron-density interphases embedded within high-electron-density active materials.
Neutrons offer the penetration depth and isotopic sensitivity required to observe interphases as
they form, transform, and ultimately fail during cycling. A SANS instrument capable of capturing
scattering across the full range from nanometers to micrometers would enable operando
measurements of the chemical and physical properties of these interphases.

The very small-angle neutron scattering (VSANS) concept at NIST provides the necessary
Q-range but lacks the flux needed to measure low-Q scattering (100 nm—1 um) during transient
electrochemical processes (sub-milliseconds). A next-generation VSANS instrument built to
leverage the unique characteristics of STS would overcome this limitation, opening new
possibilities for multiscale, operando measurements and bridging a critical missing length scale
between SANS and neutron imaging.

Science Case 3

Polymer electrolytes are central to next-generation batteries, fuel cells, wearable electronics, and
electrochemical energy conversion devices [16, 17]. Their dynamic response to electric fields,
temperature, and mechanical deformation ultimately governs ionic conductivity, electrochemical
stability, and device performance. In these materials, ion transport is intrinsically coupled to the
segmental and collective dynamics of the polymer host, making nanoscale polymer motion a
defining factor in energy storage functionality. Therefore, understanding and controlling these
dynamics is essential for the development of safe, high-performance solid-state batteries and
adaptive electrochemical materials [18].

At the molecular level, cation transport occurs through a hopping mechanism between transient
coordination environments within the polymer matrix. These ion-hopping events are directly
mediated by rapid local relaxation and segmental mobility of the polymer backbone on picosecond
to nanosecond timescales. Simultaneously, the thermal motion of polymer chains generates
transient pockets of free volume that dictate the ease of ion diffusion and therefore bulk ionic
conductivity. In many advanced polymer electrolytes, including block copolymer architectures,
nanoscale phase separation creates mechanically rigid domains that suppress dendrite growth
alongside softer conductive domains that facilitate ion transport. The dynamics at these nanoscale
interfaces ultimately determine how efficiently ions move between phases and how effectively
conductivity can be decoupled from mechanical stability [19]—a long-standing challenge in solid
polymer electrolyte design.

Despite their importance, these dynamic processes remain poorly understood because current
experimental approaches cannot directly probe polymer motion under realistic operating
conditions. Conventional NSE spectroscopy remains the only experimental technique capable of
resolving the critical 1-500 ns regime associated with segmental and single-chain polymer
dynamics, including reptation processes that govern diffusion, viscoelasticity, and ionic transport.
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However, existing NSE instruments require large sample volumes and long acquisition times,
fundamentally restricting measurements to equilibrium or time-averaged conditions.
Consequently, transient nonequilibrium responses to applied electric fields, deformation, or
electrochemical cycling remain largely inaccessible.

The increased flux, extended wavelength range, and broad bandwidth provided by STS create an
opportunity to fundamentally transform neutron spectroscopy from a predominantly equilibrium
characterization tool into a platform for observing materials in action. A next-generation NSE
instrument with focused micrometer-scale beams and significantly enhanced throughput would
enable spatially resolved measurements of polymer dynamics within structurally and
compositionally heterogeneous samples. Reducing acquisition times from days to minutes would,
for the first time, allow direct measurements of transient dynamic processes during applied electric
fields, electrochemical cycling, or mechanical deformation. Coupling these advances with Al-
guided autonomous experimentation, real-time data reduction, and multimodal workflows would
dramatically accelerate discovery and translation.

Science Case 4

Liquid crystal elastomers (LCEs) are advanced smart materials that combine the ordered,
directional properties of liquid crystals with the rubbery elasticity of polymer networks. When
exposed to external stimuli, they undergo large, reversible actuation akin to human muscles [20].
During 3D printing, LCE inks are subjected to coupled shear and extensional flows that can be
harnessed to optimize adaptive properties for soft robotics, smart textiles, tunable photonics, and
energy conversion [21, 22]. The dynamics of the polymer network underscore LCE efficiency in
rapid shape changes in response to stimuli like heat, light, or electric fields. By enabling polymer
chains to quickly reconfigure, they enhance actuation speeds, facilitate self-healing, and prevent
the accumulation of mechanical fatigue over millions of cycles.

Although X-ray scattering has provided significant insights into the behavior of these materials,
these studies predominantly characterize the liquid crystal component, with little sensitivity to the
polymer phase. Neutrons are inherently capable of addressing this limitation due to their
sensitivity to light hydrogenous materials. However, a major bottleneck in the design of LCE
materials is the limited ability to specifically probe segmental and collective polymer dynamics
(pico- to nanosecond time regime), which primarily dictate the material response under
processing or operational conditions. Neutron spectroscopy offers remarkable capabilities in
resolving such dynamic responses. With the increased flux and extended wavelength range
offered by STS, researchers can start to explore not only bulk samples or time-averaged
responses but also uncover transient dynamics along kinetic pathways under realistic processing
or stimulation conditions. The ability to directly probe such transient nonequilibrium dynamics
would unlock several key capabilities.

For example, bulk macroscopic response times are often limited by heat transfer rates, but fast
internal polymer relaxation rates dictate the speed at which polymer chains can conform to shifting
liquid crystal orientations. This effect drives rapid contraction, bending, and expansion, allowing
for technologies like artificial muscles and adaptive micro-optics. Moreover, rapid network
dynamics permit the material to undergo large structural reorientations without massive increases
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in mechanical stress. This capability allows the elastomer to store and release elastic energy
efficiently.

Science Case 5

Organic mixed ionic—electronic conductors (OMIECs) are an emerging class of soft, carbon-based
materials capable of simultaneously transporting ions and electronic charge carriers. Their unique
dual-network architecture—consisting of conjugated polymer backbones for electronic transport
coupled with ionic sidechains that solvate and transport ions—makes them ideally suited for
flexible electronics, bioelectronic interfaces, energy storage and conversion devices, smart
windows, and neuromorphic computing platforms [23-25]. When operated in electrolyte
environments, OMIECs undergo volumetric electrochemical doping in which ions penetrate and
dynamically reorganize the polymer network, switching the material state from insulating to highly
conductive. The efficiency, reversibility, and speed of this transition are fundamentally governed
by nanoscale polymer dynamics.

Segmental and collective polymer dynamics in the picosecond to nanosecond regime dictate how
rapidly ions and electrons can infiltrate, reorganize, and diffuse throughout the polymer film. Fast
polymer relaxation and swelling kinetics directly control the operational speed of organic
electrochemical transistors and iontronic neuromorphic devices, enabling high-frequency signal
processing and adaptive functionality. At the same time, dynamic structural rearrangements
continuously reshape the electrostatic energy landscape governing electronic transport. These
transient fluctuations generate a form of dynamic disorder in which deep electronic trap states
become short-lived, preventing long-term carrier localization and preserving high electronic
mobility despite structural heterogeneity. Simultaneously, fast segmental motion imparts the
mechanical softness and compliance required for repeated electrochemical cycling and
mechanical deformation, allowing these materials to accommodate swelling stresses while
suppressing fracture, delamination, and fatigue. Together, these coupled ionic, electronic, and
mechanical responses position OMIECs as a foundational materials platform for adaptive
electronics and neuromorphic technologies.

Despite their technological significance, the dynamic processes governing OMIEC functionality
remain poorly understood because current experimental approaches cannot directly probe
transient polymer dynamics under realistic operating conditions. Conventional X-ray methods
provide valuable structural information but remain comparatively insensitive to polymer
responses. Electrical measurements can infer switching kinetics and transport behavior, but they
cannot directly resolve the nanoscale molecular rearrangements that drive these processes. A
next-generation neutron spectroscopy platform capable of rapid acquisition and multimodal
measurements would enable direct measurements of the evolution of polymer relaxation,
swelling, and ion transport during voltage cycling, electrochemical doping, and mechanical
deformation. Focused beams and spatially resolved capabilities would further allow interrogation
of heterogeneous transport pathways and local dynamic responses within operating devices.
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Science Case 6

Artificial synaptic junctions are biomimetic platforms for bioelectronics, adaptive sensing, and
neuromorphic computing that seek to emulate the memory formation, learning pathways, and
signal-processing behavior of biological neural systems [26,27]. Unlike conventional
semiconductor architectures, these systems rely on soft, dynamic interfaces in which ions,
polymers, membranes, or fluidic components continuously reorganize in response to electrical
and chemical stimuli. Central to their operation are nanoscale membrane and interfacial
fluctuations that occur on nanosecond timescales and govern how signals are transmitted, stored,
and adaptively modified within the material [28].

These fluctuations—arising from thermally driven motion, ion migration, structural
rearrangements, or stochastic conductance changes—oplay a critical role in reproducing brain-like
behavior. In biological neural networks, fluctuating membrane potentials enable stochastic
resonance, allowing weak subthreshold signals to trigger neuronal firing events. Similarly, in
artificial synaptic systems, naturally occurring or intentionally engineered fluctuations enhance
signal sensitivity by lowering activation thresholds and amplifying weak inputs that would
otherwise remain undetected. Such stochastic behavior is increasingly recognized not as noise
to be eliminated but as a functional mechanism enabling adaptive and probabilistic computation.

Membrane fluctuations also underpin probabilistic synaptic plasticity, a hallmark of biological
learning. Real synapses operate through inherently stochastic pathways rather than deterministic
switching events, enabling dynamic adaptation and robust pattern recognition. Artificial synaptic
junctions that exploit nanoscale fluctuations can similarly support stochastic spike-timing-
dependent plasticity, allowing neuromorphic systems to dynamically reconfigure learning
pathways and avoid becoming trapped in rigid local minima during training. These dynamic
processes are essential for realizing adaptive hardware capable of energy-efficient ML and brain-
inspired computation.

Despite the central importance of these phenomena, current experimental techniques cannot
directly resolve the nanoscale dynamic pathways governing artificial synaptic behavior under
operating conditions. NSE spectroscopy offers unique opportunities to address these challenges
due to its ability to directly probe fluctuation dynamics across the critical picosecond to
nanosecond regime [29]. However, the limited high flux and slow acquisition times of current NSE
spectrometers prevent measurements of transient membrane fluctuations during active
neuromorphic operation. High-flux, fast-acquisition instruments could capture the evolution of
such fluctuations during voltage cycling, adaptive learning, or signal propagation, enabling new
directions in the design of synaptic architectures for soft logic gates and neuromorphic computing
platforms.

Neutron Community Review

The reviewer feedback strongly validates Grand Challenges 7 (nonequilibrium dynamics) and 8
(hierarchical assembly and multiscale design) as scientifically compelling and highly aligned with
the unique capabilities of STS. However, reviewers both within and outside the neutron user
community consistently emphasize that the current framing is overly broad and conceptual,
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lacking the specificity needed to motivate transformative instrument concepts. Across reviews,
there is a clear call for sharper science cases centered on concrete materials systems, named
nonequilibrium phenomena, quantitative time and length scale gaps, and experiments uniquely
enabled by STS.

A major unifying theme is that STS’s exceptional brightness, bandwidth, cold neutron spectrum,
and pulse structure create unprecedented opportunities for simultaneous multiscale, time-
resolved, and operando measurements in soft matter, biological systems, and complex materials.
Reviewers repeatedly identify this capability space as potentially world-leadingworld-leading,
particularly for studying transient and heterogeneous systems under flow, curing, chemical
gradients, electric fields, and realistic processing environments. Transformative opportunities
highlighted include sub-second SANS and multimodal measurements, nGl for simultaneous
multiscale characterization, and direct probes of nonequilibrium relaxation processes linked to
functional properties.

Reviewers further stress that Grand Challenges 7 and 8 should more explicitly integrate whole-
system and living-system science, including biological soft matter, geomaterials, confined fluids,
microfluidics, and flow-driven assembly processes. They also emphasize the need to clearly
articulate why neutrons—through contrast variation, penetration depth, and sensitivity to
hydrogenous and mesoscale systems—provide capabilities unavailable with X-rays or electron
probes.

Finally, reviewers strongly encourage framing Al not merely as a data analysis accelerator but as
a fundamentally enabling paradigm for autonomous experimentation, multimodal data integration,
adaptive measurements, and Al-native materials discovery workflows. The overarching
consensus is that STS has the potential to revolutionize soft matter and polymer science by
enabling simultaneous, multiscale, time-resolved operando measurements of hierarchical and
nonequilibrium systems, delivering capabilities that currently do not exist anywhere in the world.

Non-Neutron Community Review

A small number of reviews from the non-neutron community was received, so it was incorporated
into the discussion above.

SMP STAC Instrument Concepts

SMP1 High-Flux Broadband Neutron Spin Echo Spectrometer

Statement of Need

Nature-inspired and adaptive soft materials are central to emerging technologies ranging from
electroactive interfaces and wearable electronics to synthetic biology and soft robotics. These
materials derive functionality from collective molecular motions and hierarchical self-organization
that evolve dynamically under external stimuli, chemical gradients, flow, or energy conversion.
Yet a major bottleneck in understanding and engineering these systems is the lack of
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instrumentation capable of directly resolving transient collective dynamics and emergent
organization across relevant picosecond- to nanosecond timescales under realistic operating
conditions.

Scientific Opportunity

Current NSE spectrometers are optimized primarily for equilibrium measurements and are often
incompatible with complex sample environments required for in situ and operando studies. A next-
generation broadband high-flux NSE spectrometer at STS would overcome these limitations by
enabling rapid, high-resolution measurements of nonequilibrium dynamics in adaptive and
functional materials. By combining the high peak brilliance and broad wavelength bandwidth of
STS with TOF methodologies, the instrument would simultaneously access a broad range of
Fourier times without sacrificing energy resolution. This instrument would transform NSE from a
predominantly equilibrium characterization technique into a platform for observing materials in
action. Following are key scientific opportunities:

» Coupled collective dynamics in adaptive and active matter

= Structural evolution under electric, magnetic, chemical, or mechanical gradients [30-32]
» Operando studies of energy-relevant and biomimetic materials

» Dynamics of programmable bio-inks and neuromorphic materials

= Spatially resolved dynamics in heterogeneous soft, biological, quantum materials

These capabilities directly address DOE grand challenges in Understanding Dynamics in
Nonequilibrium Systems and Mastering Hierarchical Assembly and Multiscale Design.

Instrument Concept and Technical Approach

The proposed instrument, illustrated in Figure 7, combines compact neutron resonance spin echo
(NRSE) optics [33] with broadband TOF capabilities optimized for STS operation. Use of radio-
frequency resonant spin flippers, rather than conventional bulky solenoids, dramatically reduces
instrument footprint while enabling integration of complex sample environments involving
magnetic fields, electric fields, flow cells, shear, or processing equipment.

~10-13 m

Y

&
<

MIEZE arm
:DIDMI § | O < detector

resonant RF flipper
spin-flippers (1M NRSE;

M2 MEZE) | Flexibl
Beamline Length ~ 30-50 m cylindrical moderator e_ ible
multimodal
Energy resolution 0.1 peV sample

environment
NRSE Q-range 0.0002-3 A )

NRSE time-range 1 ps-100 ns /
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MIEZE time range | 0.1 ps-50 ns O

Figure 7. Concept of high-flux broadband NSE spectrometer.
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Two complementary operational modes are envisioned downstream of the sample position:

» NRSE mode: Provides classical NSE-type dynamic measurements with enhanced flux
and broader dynamic coverage enabled by STS brilliance.

» Modulation of intensity with zero effort (MIEZE): Ideal for magnetic and quantum samples
[34] and fully compatible with in situ and operando environments because all spin
manipulation occurs upstream of the sample.

The unique characteristics of STS make this instrument fundamentally transformative:

» Peak brightness enables dramatically faster acquisition times with up to 10x gain relative
to existing facilities for certain Fourier times, taking measurement times from days or hours
down to minutes.

= Broad bandwidth enables simultaneous measurements over wide Fourier time windows.

= Pulse structure enables mapping of emergent dynamics along kinetic pathways.

Al-enabled Science and Automation

Recent advances in Al and machine-learned interatomic potentials are extending atomistic
simulations into the nanosecond regime, far beyond the reach of most experimental methods.
However, these models remain weakly validated for collective dynamics and nonequilibrium
behavior. A broadband NSE instrument would provide a uniquely powerful experimental validation
platform by directly probing dynamics across the same spatiotemporal regimes accessible to
modern simulations. Coupled with Al-driven data reduction and real-time analysis pipelines, the
instrument will enable closed-loop materials discovery workflows and autonomous “self-driving”
measurements. This capability would establish neutron spectroscopy as a foundational tool for
Al-assisted science of adaptive and functional materials.

Community Impact and DOE Mission Alignment

The instrument would serve a broad and interdisciplinary user community spanning soft matter,
polymers, active matter, biological systems, energy materials, and quantum materials. It would
complement heavily oversubscribed spectroscopy capabilities worldwide while uniquely enabling
operando studies of nonequilibrium dynamics. By enabling direct observation of functional
dynamics under realistic operating conditions, the instrument would accelerate the rational design
of resilient, energy-efficient, and multifunctional materials for applications in AM, energy
technologies, wearable electronics, biotechnologies, and therapeutics. The proposed instrument
strongly aligns with DOE priorities in materials-by-design, energy-efficient technologies, Al-
enabled science, and understanding emergent behavior in complex systems.

Summary

A broadband high-flux NSE spectrometer at STS would provide world-leading capabilities for
probing collective and emergent dynamics in nonequilibrium and adaptive materials under
operando conditions. Combining STS brightness and bandwidth with advanced NRSE/MIEZE
methods would enable rapid measurements of transient functional states previously inaccessible
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to conventional NSE instruments. The instrument would transform studies of soft, biological,
energy, and quantum materials while providing critical validation datasets for Al-enabled materials
discovery.

SMP2 Combined W—VSANS + Imaging Instrument

Statement of Need

Capturing transient, nonequilibrium phenomena across length scales in soft matter and functional
polymeric materials is required to meet the basic science and technology needs of the 21st
century. A major bottleneck to advanced manufacturing is the availability of predictive constitutive
relationships that link processing to performance in complex fluids and polymeric materials.
Needed are quantitative structure—property relationships in complex flow fields that capture the
spatiotemporal changes in material microstructure. Existing neutron facilities cannot
simultaneously deliver the temporal resolution, spectral range, and intensity needed to probe the
processes that underpin out-of-equilibrium processes underlying these phenomena. Addressing
this gap aligns directly with the DOE mission to advance fundamental understanding of matter
and energy transformations for a sustainable future.

Scientific Opportunity

The proposed instrument concept, optimized for STS, will leverage the source’s 15 Hz
single-pulse capability, peak brightness in the cold-neutron spectrum, and broad bandwidth to
enable multimodal, time-resolved measurements from angstroms to millimeters. These features
allow researchers to accomplish the following:

= Capture single-pulse scattering events across length scales from 1-200 nm
simultaneously.

= Combine Fourier space and real space measurements to extend the resolution of a
traditional SANS measurement to the millimeter scale.

= Enable micro-beams for unprecedented spatial resolution, enabling efficient mapping of
structure—dynamics coupling in heterogeneous systems.

Technical Approach
The instrument integrates the following capabilities:

= Simultaneous area detectors with Q-resolution spanning 0.003—-20 A~ with single-neutron
sensitivity

» Collimating optics for VSANS [35] measurements for high-resolution measurements
spanning 0.0004—1 A1

» nGls [36] for dark-field imaging capability in real space, accessing 6 mm x 6 mm fields of
view with 5 um resolution

= Flexible sample environment allowing for application of external fields including electric,
magnetic, thermal, pressure, and flow

= All modalities enabled with the ability for Al-accelerated on-the-fly decision-making and
experimental planning [37]
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= Modular design to support cross-facility interoperability and community access

Community Impact and Alignment with DOE Mission and Grand Challenges

STS’s unmatched brightness and pulse structure will empower the U.S. research community by
delivering a unique capability. A SANS instrument that provides access across length scales
directly supports the Grand Challenges in the Grand Challenges Document by accomplishing the
following:

» Revealing emergent behavior in complex, nonequilibrium systems (Grand Challenge 7).

= Accelerating materials discovery for decarbonization and sustainable manufacturing.

» Advancing data-driven science, consistent with DOE’s digital twin and Al-for-Science
initiatives.

= Strengthening U.S. neutron leadership, leveraging STS’s unique source characteristics to
complement HFIR and FTS.

Summary

By harnessing STS’s 15 Hz single-pulse operation, peak cold-neutron brightness, and broad
bandwidth, this instrument concept establishes a new paradigm for studying nonequilibrium
dynamics. It fulfills the DOE mission to enable transformative discoveries that drive clean-energy
innovation and strengthen U.S. scientific competitiveness.
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Biological Systems STAC

Grand Challenge Science Review

BIO STAC Science Review

The BIO STAC feedback demonstrates that the Grand Challenges report presents a strong and
well-developed biology science case centered on understanding and engineering the principles
of life, as well as advancing knowledge of health, aging, and well-being. Reviewers recognize that
neutron techniques at STS are highly relevant to these goals and that the underlying scientific
vision is compelling. However, a central criticism is that the impact is not communicated
effectively, despite STS capabilities representing a dramatic step change. Reviewers emphasize
that STS will deliver roughly 100x to 1,000x improvements in capability, depending on the
instrument, enabling biological experiments that are currently not feasible. This transformative
jump is not adequately highlighted or clearly translated into scientific outcomes.

The feedback stresses that STS should be framed as a platform that unlocks entirely new regimes
of biomolecular science, particularly by enabling studies of interactions and mechanisms that
have so far been inaccessible. A key example is neutron crystallography, where STS will allow
measurements on much smaller and more practical macromolecular crystals. This development
would open the possibility of obtaining all-atom structures and hydrogen bonding networks for a
vast number of enzymes and drug targets that are currently out of reach using neutron methods
and inaccessible by other conventional structural biology techniques. Reviewers emphasize that
these opportunities are not incremental but represent access to experiments that cannot presently
be attempted. These opportunities will revolutionize the field of macromolecular crystallography.

At the same time, the feedback highlights important omissions in the science case. In particular,
proteins that cannot be crystallized have received inadequate attention; these proteins constitute
a maijor portion of biologically relevant systems. Reviewers point out that intrinsically disordered
proteins, representing roughly 30% of the proteome, are largely absent from the discussion. They
note that SANS techniques offer significant potential in this area and should be much more
prominently featured as a complementary and enabling capability alongside crystallography.

Overall, the BIO STAC feedback calls for a stronger and more explicit articulation of impact, a
clearer emphasis on transformational capability rather than incremental improvement, and a
broader biological scope that includes both crystallizable and non-crystallizable systems.

To address key Al-related gaps in the current grand challenges framing, the document should
more explicitly define a transition from Al-enabled to Al-native, self-driving discovery platforms
aligned with the DOE Genesis vision of autonomous, data-driven science. This alignment includes
establishing fully closed-loop experimental ecosystems in which Al continuously links hypothesis
generation, experiment design, real-time data acquisition, analysis, and decision-making,
enabling adaptive experiment steering and continuous learning across campaigns. Al must be
deeply embedded at the beamline level to support autonomous instrument configuration, real-
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time performance optimization, fault detection, and predictive maintenance while orchestrating
high-throughput robotic sample handling and intelligent prioritization to scale experimental
throughput. Critically, the facility should enable real-time coupling of measurement and analysis,
allowing experiments to dynamically adjust to optimize completeness, resolution, and kinetic
insight. Beyond operations, the science case should emphasize integrated predictive optimization
frameworks that connect crystallography and SANS within a unified, multimodal Al ecosystem,
enabling cross-platform data fusion, enhanced resolution functions, and multiscale structure—
function inference. The document should further position neutron scattering as a cornerstone of
the Al training data economy, generating large, high-quality datasets that extend beyond current
capabilities toward predictive biology, drug design, and advanced materials discovery. In this
context, the unique value of neutron data—including precise hydrogen positions, protonation
states, and radiation-damage-free structures—should be highlighted as essential for training
physically accurate Al models. These predictive models will be used not only for molecular
structure but also to design function into new biocatalysts and to model ligand interactions (e.g.,
drug binding) with challenging therapeutic targets. Collectively, these additions would reposition
the facility as a federated, Al-native discovery infrastructure within the American Science Cloud,
capable of delivering decision-grade inference and enabling transformative advances in predictive
science at scale, enabling the prediction/design of structure and function.

When the maijority of neutron facilities were closed during the late 1990s and early 2000s, the
Neutrons in Biology community, especially those in the academic macromolecular diffraction
research laboratories, were disenfranchised. As facilities such as SNS FTS and HFIR became
available, a full generation of students had been lost. Currently, experiments span beyond the
normal time available for graduate studies and especially disconcerting is the short timeframe for
funding results that cannot be met. Consequently, three decades of scientific involvement have
been lost, despite the potential scientific impact and mature community that this engagement
would have delivered. Those few who tried to pursue this research were unable to continue in the
field due to a lack of support. STS will begin to revitalize this community, and the new instruments
will find a great many new students in structural biology ready to overwhelm the new instrument.
Doctoral students would be able to collect and analyze multiple neutron structures instead of
hoping for the opportunity to collect data on only one.

Neutron Community Review

The collective neutron community reviewer feedback converges on a consistent set of comments
regarding the biological systems section of the STS science case. While the science is viewed as
important and potentially transformative, the case is not yet presented in a way that is sufficiently
compelling, rigorous, or strategically positioned. A central issue is that biology is not framed as a
primary scientific driver for STS but instead appears secondary and insufficiently integrated into
the overall narrative. The section is heavily weighted toward structural biology, particularly neutron
crystallography, which reviewers consider too narrow and not well aligned with current directions
in biology that emphasize function, dynamics, and complex systems.

Reviewers consistently point out that major areas of biology are missing or underdeveloped.
These include dynamic and nonequilibrium biological processes, multiscale and whole-cell
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systems, environmental and microbial biology, and biological interactions with inorganic
materials. Important opportunities in synthetic biology, bioenergy, photosynthesis, and mesoscale
imaging are also insufficiently captured. As a result, the case does not fully reflect the breadth of
biological problems where neutron scattering can have a unique impact.

Another major comment is the lack of a clearly articulated neutron value proposition. The
document often states advantages but does not concretely demonstrate what measurements are
uniquely enabled by STS or why alternative techniques are insufficient. This issue is compounded
by a lack of quantitative detail, including missing performance metrics, experimental constraints,
and clearly defined measurement gaps, weakening the scientific credibility of the argument.

The integration of Al, data infrastructure, and modern computational approaches is also limited,
with little discussion of how neutron data will support predictive modeling or advanced workflows.
Finally, the narrative structure itself is often fragmented and overly general, lacking a clear
progression from societal need to scientific gap to measurement solution. Overall, reviewers are
calling for a shift to a more focused, quantitative, and function-driven biology case that
emphasizes dynamics, multiscale systems, and neutron-unique capabilities.

Non-Neutron Community Review

The feedback from the non-neutron community emphasizes that the current biological systems
section is strong in areas such as bioenergy, agriculture, and biomolecular structure, but remains
too focused on biomedical and molecular-scale biology and does not adequately capture the
broader scope of nonbiomedical biological systems relevant to DOE priorities. In particular, it
underrepresents environmental microbiology and microbial biogeochemistry, limiting the
connection to key processes in the circular bioeconomy, such as carbon, nutrient, and
contaminant cycling. It also omits important areas such as microbe—inorganic interfaces, where
biological systems interact with minerals and electrodes to drive electron transfer and
environmental transformation, which are well aligned with neutron capabilities. The section
similarly overlooks biological plastics and biopolymer upcycling, including enzyme—polymer
interactions and waste-to-value processes. Synthetic biology is treated narrowly through enzyme
structure rather than broader systems-level design, and energy conversion in living systems,
especially photosynthesis and microbial metabolism, is not sufficiently developed.

In addition, a major gap in the biological systems challenges addressed is the lack of specific
commentary on metal-containing proteins. Redox active proteins, electron flow, and radiation
damage were mentioned elsewhere in the Grand Challenges document, but are lacking in the
biology section. The document describes dynamic nuclear polarization (DNP) and how combining
DNP with the higher brightness of the STS will enable smaller sample sizes. Overall, the section
lacks a clear framework positioning biological systems as drivers of environmental transformation,
industrial biotechnology, and the circular bioeconomy. Expanding these areas and better linking
them to the unique strengths of STS would strengthen the nonbiomedical biological science case
and improve alignment with DOE mission priorities.
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BIO STAC Instrument Concepts

BIO1 Macromolecular Crystallography

Scientific Grand Challenge

Understanding the molecular basis of life, health, and disease requires structural techniques
capable of resolving all atoms, including hydrogen. Current structural biology methods are limited
by incomplete hydrogen information, restricted access to complex systems, and insufficient
temporal resolution. These limitations constrain progress in catalysis, drug design, and energy-
related biological processes. The challenge is to enable direct observation of protonation states,
hydrogen bonding networks, and dynamic molecular mechanisms across biological length scales.

Transformative Capability Enabled by STS

STS solves the three major limitations for macromolecular crystallography on all the currently
available neutron diffraction beamlines. First, due to low neutron flux, the necessary crystal
volume is 100 times greater than the normal size readily available for X-ray crystallography.
Second, the requirement for isotopic replacement, deuterium for hydrogen due to the negative
scattering length of hydrogen, is time-consuming (typically multiple years) and has a significant
failure rate. Plus, a significant isotope effect is quite common. Third, macromolecular crystals
have significant water content (30%-70%), which causes a high incoherent background.
Therefore, the new instrument should be capable of measuring high-resolution diffraction from
normal-sized hydrogenated crystals. The BIO STAC suggests the use of the correlation chopper
to reduce incoherent background. They also propose implementation of polarized neutrons
combined with DNP to enhance diffraction signals. Ideally, the DNP method should be employed
at ambient temperatures, similar to Overhauser DNP in NMR, if feasible. The structural biology
community dominates all synchrotron facilities, but few of these researchers use neutron
diffraction to visualize hydrogen, the missing half and fundamentally most important aspect of all
macromolecules. Similar to the grand scale National Institutes of Health Protein Structure
Initiative, the BIO STAC proposes a new diffraction instrument for a Proton Structure Initiative.

The world-leading macromolecular crystallography instrument at STS enables a transformative
leap in neutron-based structural biology. High peak brightness, broad-bandwidth cold neutrons,
and instrument flexibility enable data collection from crystals smaller than 0.01 mm? with high
resolution (~1.0 A). Tunable wavelength (2.0-5.0 A), adjustable beam size (0.001-1 mm?), and a
roughly 90 m beamline optimized for large biological unit cells (10-300 A) collectively allow
efficient, high-quality measurements. These capabilities uniquely enable all-atom, time-resolved
structure determination, including proton positions, under realistic experimental conditions. This
development is essential for not only predicting structure from sequence but also predicting
function.
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Instrument Concept and Technical Approach

Core Instrument Design

The baseline concept consists of a long (~90 m) beamline configured for single-crystal neutron
diffraction of macromolecules with unit cell dimensions spanning approximately 10-300 A. A
tunable wavelength band (approximately 2.0-5.0 A) allows optimization of scattering contrast and
resolution for varied biomolecular systems. Beam delivery is coupled with adjustable beam size
(0.001-1 mm?), enabling measurements on crystals orders of magnitude smaller than those
required at current neutron facilities.

The instrument integrates the following features:

= Advanced focusing optics to maximize flux on the sample while preserving resolution

= High-efficiency detector systems for rapid and accurate reciprocal-space coverage

» Precision goniometry for single-crystal alignment and data collection

= Robotic sample handling systems to enable high-throughput and reproducible
measurements

Performance Capabilities
The STS source enables a step change in performance relative to existing facilities:

* Measurement of crystals smaller than 0.01 mm?

= High-resolution data collection up to approximately 1.0 A

= Strong SNR for precise determination of hydrogen positions

= Efficient mapping of reciprocal space for large unit cell systems

= Compatibility with emerging approaches such as DNP to enhance signal sensitivity

These capabilities allow routine access to currently inaccessible systems, including weakly
diffracting crystals and radiation-sensitive samples such as metalloenzymes.

Scientific Opportunities and Impact

The STS instrument enables unprecedented insight into enzymatic mechanisms, proton-coupled
electron transfer, and biomolecular interactions. It expands access to membrane proteins,
intrinsically disordered systems, and transient intermediates that are inaccessible with existing
instruments. Time-resolved and serial crystallography approaches allow investigation of
nonequilibrium biological processes. These advances accelerate discovery in biocatalysis,
bioenergy, and drug development and deepen understanding of structure—function relationships
in biology.

Al Integration and Data-Centric Discovery

Integration of Al-driven automation transforms experimental workflows through intelligent crystal
screening, robotic handling, adaptive data collection, and real-time structure determination. These
capabilities significantly increase throughput and experimental efficiency by at least 10-fold at
each step. The resulting proton-resolved structures provide critical training data for next-
generation Al models that move beyond structure prediction toward predictive molecular function,
catalysis, and ligand interactions.
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Community Impact

The structural biology community is enormous (12,000-15,000 structures solved per year) and
eagerly awaits the commissioning of STS. The proposed instrument addresses a large and
growing demand within the structural biology community, where the vast majority of structures
(comprising 50% of the atoms) lack hydrogen information. It expands the user base to include
protein engineers, drug developers, and data scientists while strengthening interdisciplinary
collaboration. The platform supports a broad range of applications, including biotechnology
innovation, sustainable energy solutions, and biomedical research, reinforcing leadership in
neutron-enabled biological science.

Conclusion

The STS macromolecular crystallography instrument represents a transformative advance in
structural biology. By enabling high-resolution, proton-resolved, and time-resolved
measurements, it unlocks new scientific opportunities across DOE mission areas. The integration
of advanced instrumentation and Al-driven workflows positions this capability at the forefront of
data-centric discovery, establishing a foundation for innovation in biology, energy, and medicine.

B1O2 Small-Angle Neutron Scattering

Scientific Grand Challenge

A central challenge in biological science is achieving a predictive understanding of how molecular
structure, dynamics, and interactions give rise to function across hierarchical length scales, from
atomic resolution to cellular organization. This challenge is directly aligned with DOE BES
priorities in understanding complex, nonequilibrium, and emergent phenomena relevant to
energy, materials, and biological systems [38].

Current experimental approaches are fundamentally limited in their ability to probe systems that
are dynamic, heterogeneous, and structurally disordered. Key limitations include the following:

» Lack of access to time-resolved measurements of nonequilibrium processes
= Limited ability to interrogate intrinsically disordered and multicomponent systems
* |nability to resolve hierarchical structure across nanometer-to-micron length scales

In addition, most structural datasets lack accurate hydrogen positions and protonation states,
constraining insight into catalysis, binding, and chemical function. These gaps limit the
development of predictive models and hinder integration with emerging Al-driven approaches.
Addressing this grand challenge requires next-generation neutron capabilities that enable time-
resolved, multiscale characterization of realistic systems under operando conditions.

Transformative Capability Enabled by STS
The proposed SANS instrument at STS will deliver capabilities that are not achievable at existing
or planned neutron facilities worldwide:

= Subsecond (<0.07 s) time-resolved measurements of biological and soft matter
systems made possible by the 15 Hz pulse
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= Orders-of-magnitude improvements in neutron brightness and accessible Q-range
made possible by compact cold moderator

= Simultaneous multiscale characterization, spanning proteins, complexes, membranes,
and whole cell

» High sensitivity, enabling measurements with up to 10x less sample and expanding
accessible systems

= Integrated structure and kinetics measurements within a single experimental platform

These capabilities are uniquely enabled by the STS high-brightness cold neutron source, broad
wavelength bandwidth, and enhanced long-wavelength flux. Collectively, they enable a transition
from static structural measurements to time-resolved “movies” of dynamic biological systems,
such as intrinsically disordered proteins and membrane systems, providing direct insight into
transient processes and functional mechanisms.

Instrument Concept and Technical Approach
The proposed instrument is a flexible, high-flux, world-leading SANS platform optimized for
dynamic biological systems and high-throughput experiments.

Core Design Features

= ~35 m beamline optimized for kinetics and throughput

= Single-pulse kinetics with Q-range coverage of ~0.003-2 A

= Simultaneous Q-range coverage (~0.0004—2 A-") for multiscale analysis
= Focused beam with high-resolution detectors

= Correlation chopper to suppress inelastic background

= Low-background design enabling dilute sample studies

Advanced Experimental Capabilities

= Time-resolved, single-pulse kinetic measurements
= |ntegrated environments for realistic biological systems
» Flexible operation modes for both high-flux and ultralow-Q applications

Sample Environment Integration

= Stopped-flow and rapid mixing for kinetics

= Size-exclusion chromatography for in situ purification

» Fluorescence-assisted cell sorting for cell-scale studies

= Grazing-incidence scattering for measurement of biological interfaces

» Biosafety Level 2 compatible environments and adjacent preparation labs

These capabilities enable seamless integration of structure, kinetics, and environmental control
in a single world-leading SANS platform.

Scientific Opportunities and Impact
The STS SANS instrument will enable transformative advances across a broad range of scientific
domains:
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* Biological systems: Real-time measurement of drug uptake, protein—-membrane
interactions, and intrinsically disordered biomolecular systems, providing direct insight into
mechanisms of disease and function.

= Biotechnology and energy applications: High-throughput screening of drug
formulations and development of biocatalysts and enzymes for sustainable energy and
industrial processes.

= Hierarchical and complex systems: Multiscale investigation of cellular systems, tissues,
and biomass and biological plastics, addressing BES priorities in emergent and
nonequilibrium behavior.

By enabling simultaneous measurement of structure and dynamics, the instrument provides a
unified framework for understanding structure—dynamics—function relationships in complex
systems.

Al Integration and Data-Centric Discovery

The instrument supports an Al-native discovery framework with real-time analysis, adaptive
experiment control, automated structure determination, and integration with multimodal datasets.
It will generate hydrogen-resolved datasets enabling predictive Al models for function, catalysis,
and interactions.

Global Differentiation

The STS SANS instrument integrates high peak brightness, extended long-wavelength flux, and
broad-bandwidth operation to enable simultaneous multiscale measurement and sub-second
kinetics in a single platform. These capabilities distinguish it from existing facilities that require
trade-offs among flux, resolution, and Q-range.

Community Impact

The instrument will expand the user base into biomedical and Al-enabled domains, support high-
throughput workflows, foster interdisciplinary collaboration, and strengthen U.S. leadership in
neutron science.

Conclusion

The SANS instrument for STS represents a transformative advance in neutron science, enabling
time-resolved, multiscale, and Al-integrated investigations of complex biological and soft matter
systems. By overcoming fundamental limitations in flux, temporal resolution, and data integration,
it will unlock new frontiers in predictive science.
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Final Instrument Concepts

Instrument Concept Optimization Workflow

At the STS Community Science workshop, 19-21 May 2026, held at the Sheraton Pentagon City,
in Arlington, Virginia, the co-chairs of each STAC presented their respective candidate instrument
concepts to the community representatives. Under direction of the workshop chairs, the various
STACs engaged in multiple organized cross-talk sessions to establish potential scientific overlap
and use cases for the 10 instruments. In a second stage, the STACs further identified candidate
concepts for technical merger. Only instruments for which a merger would retain world-leading
capability in the respective technical fields were considered.

Ultimately, the 10 STAC-ideated instrument concepts were distilled down to 7 global STS

concepts, as shown in Figure 8 and Table 5.

Instrument Optimization Workflow and Outcome

INITIAL INSTRUMENT CONCEPTS
QM1 Direct-Geometry Cold-Neutron ' it
Spectrometer for Quantum Materials

AM2 Agile Polarized Diffractometer
l QM2 Ifor Oﬁkasntum Materials |

MSE1 Multimodal Single Exposure -
[MSE' lNeutmnImagIng ¢ |

| MSE2 [ MSE2 Materials Oscilloscope

CC1 Diffractometer with wide
Q-range and Polarization Capabilities |

|

e

E

CC2 Wide Dynamic-Range
| cc2 ISpectrometer 3

SMP1 High-Flux Broadband Neutron
Spin Echo Spectrometer:

SMP2 Combined W—VSANS +
Imaging Instrument

SMP1

SMP2

eNewton |
S) Instrument |~

'BIO2 Small-An
Scattering (:

Workshop
Instrument
Optimization

OPTIMIZED CONCEPTS

Dynamic Multimodal Imaging I STS1
Combined W-»VSANS + |
Imaging Instrument STS2

Agile Polarized
Diffractometer for Quantum = STS3
Materials I

A,

Cold Multiplexed Quantum
Materials Spectrometer

Macromoleculer

Crystallography Instrument

' Spectro-dﬁﬁactometer | | STS6 |
for Catalysis and Chemical Discovery |

Neutron Materials
Oscilloscope ST87

Figure 8. Flowchart of instruments ideation process
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Table 5. Grand Challenge matrix.
Science theme
QM MSE cC SMP BIO

Instrument concept

Dynamic Multimodal Imaging

Cold Multiplexed Quantum Materials Spectrometer

Agile Polarized Diffractometer

Materials Oscilloscope

Combined W—VSANS + Imaging Instrument

Macromolecular Crystallography

<

Spectro-Diffractometer for Probing Chemical
Processes at Multiple Scales

eeoo
o®o®co0

°Day-1 applications ‘ Potential applications

Dynamic Multimodal Imaging

Instrument Overview

Next-generation material science and engineering demand a shift from traditional bulk-averaged
neutron methods toward advanced techniques capable of capturing the localized, dynamic
phenomena—such as chemical gradients, defect propagation, and phase transformations—that
ultimately dictate material performance and failure. To bridge this gap, a proposed dynamic
multimodal imaging instrument will comprehensively map material properties at multiple scales,
effectively quantifying how these scales interact, and how they evolve on relevant timescales
within complex, heterogeneous samples. By maximizing the capture of both transmitted and
scattered beams and integrating Al to optimize and automate experiment operations and data
analysis, this novel instrument will deliver unprecedented spatial and temporal resolution. This
hyperspectral capability introduces a powerful suite of advanced characterization tools, combining
3D small-angle grating interferometry for microstructural correlations, coded prompt gamma
activation analysis for localized elemental sensitivity, and wavelength-resolved scattering for bulk
crystallographic mapping, alongside built-in spectroscopy for real-time, operando tracking of
material dynamics under active external stimuli like stress, temperature, and electromagnetic
fields.
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The proposed instrument (Figure 9) implements dynamic multimodal neutron imaging that
captures multiple complementary signals at once. A pulsed, polychromatic neutron beam passes
through the sample and is recorded on an on-axis transmission detector that yields hyperspectral
radiographs. This arrangement provides both wavelength-resolved attenuation imaging
(radiography/CT, length scales from 3 um to centimeters) and Bragg edge spectra that probe
atomic-scale structure (~0.1 A) for phase, strain, and texture. Upstream of the first detector are
optics that enable additional modalities. Grating optics enable spatial modulation of the neutron
beam for 3D small-angle nGl. Radio-frequency resonant spin flippers enable MIEZE spectroscopy
for studies of transient out-of-equilibrium dynamics. These novel techniques provide sensitivity to
structural features from a few nanometers to a few micrometers that lie below direct imaging
resolution, with a downstream transmission detector that simultaneously intercepts the unused
beam to record scattering data. The unique MIEZE modality combined with imaging establishes
a first-of-its-kind beamline that simultaneously enables studies of pico- to nanosecond dynamics
in complex and heterogenous materials, even in magnetic samples and depolarizing sample
environments.

Detector #3 Detector #2
(m0V3b|Z) (trans. at downstream)
* Forwar i
X-ray . « Bragg-edge (w/ min.
scattering scattering)
« Absorption
Detector #1 P

(trans. at upstream)

optics \ 2 (Snpélt)ial sensitive SANS
Imaging .:» D . Absorpti
ption

e MIEZE Upto * Spin echo (MIEZE mode)
High brightness optics ~30 cm B
cold neutron
|
X-ray
imaging

CESSE Detector #4

(movable)

» Forward
scattering

Figure 9. Dynamic multimodal imaging instrument for STS.

Two additional angled detectors provide additional TOF scattering data simultaneously. These
data can be routed to an Al multimodal decoder that disentangles these overlapping channels
from the same acquisition. These detectors enable reconstruction of data acquired at sub-second
timescales, fast enough to follow real-time kinetics such as phase transformations at applied
stress and/or temperature. The result is a continuous structural picture of materials under real
conditions spanning roughly six orders of magnitude in length, from atomic spacing to component-
scale geometry. These data are taken simultaneously rather than across separate experiments.
Compared to existing neutron imaging instruments, the express purpose of this proposed
instrument is quantitative neutron imaging that reaches far beyond traditional attenuation
radiography and tomography. Here, we simultaneously populate scattering signals from multiple
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modalities in a spatially discriminated fashion; multiple dimensions of data are acquired: space
(3D), wavelength (1D), dark-field contrast (1D-2D), and MIEZE (1D-2D).

Two additional characterization modalities are also installed on this instrument. An X-ray CT
system provides high spatial resolution (on the order of 1 um) with the ability to complement the
materials sensitivity of the neutron CT. The second modality, prompt gamma activation analysis,
measures impurities in a bulk sample using prompt gammas produced by the neutron capture
when neutrons interact with the sample. This unique technique enables the measurement of any
element on the periodic table, except helium, enabling in situ multielement analysis on the ppm
and ppb level. In addition to these modalities, the proposed instrument would require space to
integrate a robust set of sample environments and testing capabilities (a minimum measurement
volume of 1.0 m x 1.0 m x 1.0 m). This space could support addition of future modalities, such as
another set of spin flippers for a resonant spin-echo modality to extend the spectroscopic
capabilities to slower dynamics (timescales up to ~100 ns) across a wide range of soft and
biological materials.

The role of Al and ML in this instrument concept is not speculative. In fact, streamlining research
with Al/ML tools are being applied to augment current neutron imaging/spectroscopy capabilities
at FTS and around the world. Continued development and application of AI/ML tools will be
essential for producing high-quality science using unprecedented data volumes from STS. In the
area of experiment operations, Al-guided management of acquisition time, selection of regions of
interest, and on-the-fly decision tools will enable researchers to make the best use of highly
sought-after beam time. For data reduction and analysis Al will enable use of edge compute for
large-scale hyperdimensional data reduction, subpixel imaging, and the application of physics-
informed models to enable multiscale understanding. Finally, Al tools will support user
development by using imaging and spectroscopy as a gateway with agentic Al helping to identify
complementary techniques and beamlines. Image segmentation and processing are home
domains of the earliest Al/ML routines, allowing this instrument to leverage a broad array of tools
developed by parallel R&D processes in industry and science.

The Need for STS

With the increase of cold neutron flux available at STS, this instrument will be able to measure at
the subpixel level while offering a much broader wavelength bandwidth of AN = 8 A as compared
to the existing FTS imaging instrument, which is limited to AN = 2.5 A at 60 Hz. STS will provide
access to understanding new material classes by extending access to wavelengths of 4-20 A. As
a high-flux, pulsed cold neutron source, STS will enable novel wavelength-dependent imaging
techniques. For the MIEZE spectroscopy mode, STS will support a higher than 10x gain relative
to existing facilities for certain time windows. The proposed instrument will complement
instrumentation at HFIR/SNS by providing imaging at a pulsed source needed for in situ and
operando wavelength-resolved studies and providing high flux and bandwidth for effective 4D
imaging. The MIEZE modality would enable critical spin-echo-based spectroscopy capabilities for
studies of kinetically evolving samples in operating environments. These capabilities are not
currently feasible with instruments at FTS or other facilities.
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Impact of the Proposed Instrument

The instrument will serve a broad and interdisciplinary user community spanning materials
science and engineering, soft matter, polymers, active matter, biological systems, energy
materials, and quantum materials. In a single operando/in situ experiment, the proposed beamline
will track dynamic phenomena in the context of macroscopic geometry. This capability will enable
real-time visualization of phase transformations, reaction fronts, or mechanical deformations while
resolving the lattice response, dislocation/precipitate-scale features, and microstructural texture.
The sub-second frame rate allows for investigating genuinely transient processes in macroscale
engineering components and systems that can only be captured by a multimodal beamline.

The proposed instrument addresses several grand challenges identified in the STS science case
document by enabling the real-time, multimodal study of dynamic and kinetic materials behavior
under real conditions.

= Grand Challenge 3: Capture of high-fidelity multiscale, grain-dependent, and
multidimensional data to provide “ground truth” for physics-based model validation

= Grand Challenge 4: Data-dense materials characterization across a wide bandwidth to
provide multiscale insight into complex materials behavior

= Grand Challenge 5: Characterization of phase transformations and material durability in
chemically active systems under practical conditions

» Grand Challenge 7: Understanding transient (nonequilibrium) dynamics in soft and
polymeric materials under flow, electric field gradients, and orthogonal stimuli

» Grand Challenge 8: Probing complex polymeric systems and hybrid materials under
processing and operational conditions

Combined W-VSANS + Imaging Instrument

Capability Need

Understanding nonequilibrium phenomena across hierarchical length scales in soft matter,
functional polymers, biology, biomaterials, and quantum-relevant systems is essential for meeting
the basic science and technology needs of the 21st century. Transport, dissipation, and structural
evolution in these systems occur across coupled time and length scales that remain inaccessible
to current neutron facilities.

Existing instruments cannot simultaneously provide the temporal resolution, spectral range,
spatial resolution, and intensity required to probe out-of-equilibrium processes that underpin
energy storage, separations, polymer upcycling, quantum materials, advanced manufacturing
and biological systems.

STS provides a once-in-a-generation opportunity to close this capability gap through its unique
neutron beam structure:

= 15 Hz single-pulse time structure, enabling ultrafast kinetics
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Peak cold-neutron brightness from the tube moderator

Broad bandwidth enabling simultaneous multi-Q measurements

Low background and high signal-to-noise for VSANS and grazing-incidence SANS
Repetition-rate multiplication, enabling parallel wavelength sampling

These features uniquely position STS to deliver the world’s most capable SANS instrument for
nonequilibrium soft matter and mesoscale dynamics.

Scientific Opportunity

The proposed instrument enables multimodal, time-resolved measurements from angstroms to
millimeters, integrating Fourier-space scattering, real-space imaging, and dark-field contrast. This
instrument integrates high peak brightness, extended long-wavelength flux, and broad-bandwidth
operation to enable simultaneous multiscale measurement and sub-second kinetics in a single
platform. This combination distinguishes it from existing facilities that require trade-offs between
flux, resolution, and Q-range. In effect, this instrument will be a polycoroscope—a viewer of many
spaces. STS’s source characteristics unlock the following capabilities:

Single-pulse scattering across 0.1-200 nm simultaneously, capturing structural evolution
at the fundamental length scales of soft matter, biology, polymers, and functional
multiscale materials.

Combined Fourier-space and real-space measurements, extending SANS resolution to
the millimeter scale through dark-field imaging and nGl.

Micro-beam and raster-scan modes for heterogeneous, hierarchical, or patterned
materials.

Broad bandwidth, enabling simultaneous access to multiple Q-ranges for efficient kinetic
and operando studies.

High-resolution measurements spanning the nanometer to micrometer by combing
simultaneous SANS and VSANS.

These capabilities directly address DOE Grand Challenges in emergence, hierarchical materials,
nonequilibrium dynamics, and Al-accelerated discovery.

Technical Features and Components

SANS mode (core mode)

Issued July 2026

Sample size: 10 mm x 10 mm
Temporal resolution: Single-pulse kinetics at 15 Hz
Simultaneous Q-coverage: 0.003-20 A"
Detector banks:
o Backscattering: 1-20 A~', AQ/Q=5 x 107
o High-angle: 0.2-5 A", AQ/Q=5x 1072
Micro-beam raster scanning: 0.01 mm? sampling
High-resolution detectors with single-neutron sensitivity
Optimal collimation (~10 m) for maximum flux at 15 Hz and bandwidth
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VSANS mode (add-on)

» Beam footprint: ~1 mm?

= Q-range: 0.0004-1 A~

= Dynamic range: Extends Fourier-space coverage to 5 decades

» Focusing optics for low-background VSANS, grazing-incidence SANS, and polarized
SANS

» Equivalent count times for small samples due to STS brightness

Imaging and dark-field mode (add-on)

= nGl or radiography

= Spatial resolution: 5 ym

= Field of view: 6 mm x 6 mm

» Simultaneous SANS-sensitive dark-field contrast
= Operando compatibility with sample environment

Cross-cutting capabilities

= Polarized beam options

= Flexible sample environments: electric, magnetic, thermal, pressure, flow

» Pulse structure + coherent chopper supports low-background VSANS, grazing-incidence
SANS, and polarized SANS

*= As large as feasible

= Al-driven on-the-fly decision-making

* Modular design for cross-facility interoperability

Alignment with DOE Mission and Grand Challenges

This instrument directly advances the DOE BES mission and the STS/Genesis vision:

» Reveals emergent behavior in complex, nonequilibrium systems (Grand Challenge 7).

= Accelerates materials discovery for decarbonization, polymer upcycling, separations, and
sustainable manufacturing.

= Reveals the molecular basis of health, aging, and well-being (Grand Challenge 10).

= Enables Al-native workflows [39,40], consistent with DOE’s Genesis mission including
digital twin and Al-for-Science initiatives.

Leverages STS’s unique source characteristics to complement HFIR and FTS and establish U.S.

leadership in time-resolved neutron science.

Community Impact

This instrument will deliver a new national capability unmatched worldwide:

»  World’s fastest SANS-scale measurements, 10x—100x faster due to STS brightness and
15 Hz repetition rate.
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= Largest Q-range on a single neutron instrument, spanning 5+ decades in Fourier space
(0.0004-20 A~") and 8 decades including real space.

= Operando measurements across multiple domains, integrating real-space imaging,
Fourier-space scattering, and dark-field contrast.

= Key user communities: quantum materials, materials science and engineering, chemistry,
soft matter and polymers, biology, manufacturing, and national security.

= Complementarity: Enhances and extends EQ-SANS (thermal neutrons; SNS Beamline 6)
and HFIR'’s reactor-based suite.

STS’s unmatched brightness and pulse structure will empower the U.S. research community with
a transformative tool for nonequilibrium science, strengthening national competitiveness and
enabling discoveries central to DOE’s mission.

Summary

By harnessing STS’s 15 Hz single-pulse operation, peak cold-neutron brightness, and broad
bandwidth, this world-leading SANS instrument establishes a new paradigm for studying
nonequilibrium dynamics across unprecedented length and time scales. It directly supports the
DOE mission to enable transformative discoveries that drive clean-energy innovation, advanced
manufacturing, and U.S. scientific leadership.

Spectro-Diffractometer for Catalysis and Chemical Discovery

The proposed Spectro-diffractometer instrument at STS represents a paradigm shift in neutron
scattering instrumentation. Designed as a world-leading, one-of-a-kind instrument, it will
simultaneously capture diffraction and total scattering data and INS from multicomponent systems
under real operating conditions.

By leveraging the high peak flux and wide bandwidth of the STS cold neutron source, the
instrument is optimized for time-resolved, operando experiments. Crucially, it enables
measurements on hydrogen-rich systems; the substantial hydrogen incoherent scattering
background is cleanly managed via a novel cross-correlated chopper, making it an ideal match
for the high flux and broad bandwidth of STS.

Optimized for powders, polycrystalline materials, and small-mass samples (including thin films
and catalysts prepared directly on the beamline), the Spectro-diffractometer bridges vast length
and time scales:

= Multiscale structure: Diffraction and total scattering capabilities capture the pair
distribution function to map atomic-scale disorder in real systems, while integrated SANS
resolves larger structural features up to 10 nm.

= Dynamics and energy transfer: The instrument provides medium energy resolution over
a broad energy transfer window of -2 meV to 250 meV, tailored for mapping vibrational
density of states and intramolecular modes.
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High-speed operando probing with single pulse: Boasting single-pulse (~100 ms) time
resolution at a medium Q-resolution, the instrument harnesses the exceptional penetration
depth of neutrons to probe buried interfaces in operating devices. A tight 5 mm x 5 mm
beam footprint allows precision rastering across chemical reactors.

Al tools and integration: The beamline features Al-driven automation to accelerate
materials discovery and generate clean ML datasets. The beamline will generate rich,
multidimensional datasets at variable time and length scales, creating a powerful platform
for transformative Al-driven analysis and ML-enabled discovery.

Multimodal integration: An open sample area accommodates custom-made operando
cells under varied stimuli (temperature, pressure, magnetic/electric fields) alongside
complementary optical techniques like Raman spectroscopy.

To accommodate its aggressive multimodal and automated footprint, the Spectro-diffractometer
utilizes an innovative, asymmetric design layout:

Flightpath: 30 m to 40 m from the STS source.

Kinematic range: Continuous Q-range spanning 0.009 to 30 A",

Diffraction Suite: High-efficiency scintillation detectors located 2 m from the sample. The
detector bank is constrained to £30° from the horizontal, covering only half of one side of
the instrument.

SANS suite: A 2D array of helium-3 detectors positioned 4 m away from the sample.
Energy discrimination: Mediated by an advanced cross-correlated chopper system,
allowing for the substantial reduction of hydrogen incoherent scattering background.
Asymmetric geometry: Leaving one entire half of the sample area completely open
permits the seamless integration of robotics, autonomous sample manipulation, and
coaxial multimodal instruments (e.g., X-rays, Raman, UV-vis).

Upon deployment, the Spectro-diffractometer will immediately target high-priority energy and
environmental material frontiers through the following first experiments:

Energy storage: Tracking real-time atomic rearrangements, local structure, and atomic
disorder in layered oxide cathodes and solid-state electrolytes within a battery during
cycling

Chemical separations: Investigating guest—host dynamics during separations in porous
solids and critical mineral/material purification, including metal-organic frameworks,
covalent organic frameworks, and inorganic—organic hybrids

Advanced electronics: Profiling halide segregation and its subsequent influence on the
dynamics of molecular cations in hybrid perovskite memristors

Catalytic and interfacial chemistry: Resolving structural evolution during catalysis,
distinguishing surface versus bulk adsorption in porous materials, and monitoring
isotopically relevant chemical transformations such as hydrogenation and polymerization

A key directive of the neutron instrumentation to support chemistry and catalysis is to lower the
barrier to entry and expand the traditional neutron user base by attracting entirely new scientific
cohorts:
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* Mainstream materials chemists: Synthetic chemists who traditionally rely on NMR or X-
rays will gain an accessible entry point to use neutrons routinely for elucidating coupled
structural and dynamic problems.

= Organic and solution chemists: The cross-correlated chopper removes a historic
roadblock by drastically suppressing the hydrogen incoherent scattering background. This
enables high-fidelity measurements on hydrogen-rich compositions and small-volume
samples.

= Nonexpert and remote users: Al-driven experimental orchestration will lower the
technical activation barrier. Users can simply submit samples via automated mail-in
pipelines, and the beamline will handle optimized data collection and ML-ready dataset
generation.

» Industrial catalyst developers: High-throughput automation and operando tracking will
bring in industrial partners to accelerate commercial catalyst discovery, design, and real-
time performance testing.

= Separations engineers: Industrial sectors focused on separations science for critical
minerals and materials will gain a dedicated, automated hub to evaluate porous
frameworks under realistic process environments.

How Effectively Does the Instrument Leverage Unique STS
Characteristics?

The proposed instrument is uniquely enabled by STS and leverages its defining characteristics,
such as high peak brightness, broad-bandwidth cold neutrons, and 15 Hz pulse structure, in ways
that cannot be achieved at any existing neutron or X-ray facility.

Brightness and flux: The unparalleled peak brightness and flux at STS are essential to enable
measurements that are otherwise infeasible. In particular, they allow single-pulse operando
experiments (~100 ms), enabling rapid and simultaneous capture of structural and dynamical
phenomena under realistic conditions. This time resolution is fundamentally beyond the
capabilities of FTS, and therefore these measurements cannot be performed elsewhere.

Broad bandwidth: The broad wavelength bandwidth between pulses, combined with the 15 Hz
repetition rate, is critical for spectroscopic and diffraction measurements in a single shot. This
capability enables efficient data acquisition across a wide range of length and time scales, and it
is especially important for capturing transient or nonequilibrium phenomena.

Hydrogen incoherent scattering background limitations: The instrument exploits cold
neutrons to address a major limitation in neutron studies of hydrogen-rich chemical systems:
incoherent scattering from hydrogen. Implementing a cross-correlation chopper suppresses the
hydrogen incoherent scattering background, enabling structural studies of hydrogen-rich
materials. This capability requires high flux, cold neutrons, and broad bandwidth and is therefore
only practical at STS. No existing diffractometer combines a cross-correlation chopper with
simultaneous structural and spectroscopic measurements, making this a unique and enabling
feature.
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Sample size: The high brightness further allows the use of small beam sizes, enabling spatially
resolved measurements directly on regions of interest within functional devices. This capability is
essential for studying heterogeneous systems and buried surfaces under operando conditions.

Sample environments: The forward-looking instrument design at STS incorporates an open-
concept sample environment, allowing integration of complementary techniques (e.g., Raman
spectroscopy), complex stimuli (temperature, gas flow, electrochemical bias), and user-
developed experimental setups. This flexibility supports “lab-on-a-beamline” capabilities and
enables adaptive, multimodal experiments that are not possible with more constrained instrument
geometries.

In summary, the combination of high peak brightness, broad bandwidth, cold neutron capabilities,
and flexible experimental design makes this instrument uniquely possible at STS. These
capabilities collectively enable fundamentally new measurements of hydrogen-rich materials,
real-time dynamics, and operando processes that cannot be achieved at any existing facility.

Macromolecular Crystallography Instrument

Scientific Grand Challenge

Understanding the molecular basis of life, health, and disease requires structural techniques
capable of resolving all atoms, including hydrogen. Current structural biology methods are limited
by incomplete hydrogen information, restricted access to complex systems, and insufficient
temporal resolution. These limitations constrain progress in catalysis, drug design, and energy-
related biological processes. The challenge is to enable direct observation of protonation states,
hydrogen bonding networks, and dynamic molecular mechanisms across biological length scales.

Transformative Capability Enabled by STS

STS solves the three major limitations for macromolecular crystallography on all the currently
available neutron diffraction beamlines. First, due to low neutron flux, the necessary crystal
volume is 100 times greater than the normal size readily available for X-ray crystallography.
Second, the requirement for isotopic replacement, deuterium for hydrogen due to the negative
scattering length of hydrogen, is very time-consuming (typically multiple years) and has a
significant failure rate. Plus, a significant isotope effect is quite common. Third, macromolecular
crystals have significant water content (30%—70%), which causes a high incoherent background.
Therefore, the new instrument should be capable of measuring high-resolution diffraction from
normal-sized hydrogenated crystals. The correlation chopper could be used to reduce incoherent
background, and combining polarized neutrons with dynamic nuclear polarization (DNP) could
enhance diffraction signals. Ideally, the DNP method should be employed at ambient
temperatures, similar to Overhauser DNP in NMR, if feasible. The structural biology community
dominates all synchrotron facilities, but few researchers utilize neutron diffraction to visualize
hydrogen, the missing half and fundamentally most important aspect of all macromolecules.
Similar to the grand scale National Institutes of Health Protein Structure Initiative, a new diffraction
instrument could support a Proton Structure Initiative.
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The world-leading macromolecular crystallography instrument at STS enables a transformative
leap in neutron-based structural biology. High peak brightness, broad-bandwidth cold neutrons,
and instrument flexibility enable data collection from crystals smaller than 0.01 mm?® with high
resolution (~1.0 A). Tunable wavelength (2.0-5.0 A), adjustable beam size (0.001-1 mm?), and a
roughly 90 m beamline optimized for large biological unit cells (10-300 A) collectively allow
efficient, high-quality measurements. These capabilities uniquely enable all-atom, time-resolved
structure determination, including proton positions, under realistic experimental conditions. This
is essential for not just predicting structure but now allows for the prediction of function.

Instrument Concept and Technical Approach

Core Instrument Design

The baseline concept consists of a long (~90 m) beamline configured for single-crystal neutron
diffraction of macromolecules with unit cell dimensions spanning approximately 10-300 A. A
tunable wavelength band (approximately 2.0-5.0 A) allows optimization of scattering contrast and
resolution for varied biomolecular systems. Beam delivery is coupled with adjustable beam size
(0.001-1 mm?), enabling measurements on crystals orders of magnitude smaller than those
required at current neutron facilities.

The instrument integrates the following features:

= Advanced focusing optics to maximize flux on sample while preserving resolution

= High-efficiency detector systems for rapid and accurate reciprocal-space coverage

» Precision goniometry for single-crystal alignment and data collection

= Robotic sample handling systems to enable high-throughput and reproducible
measurements

Performance Capabilities
The STS source enables a step change in performance relative to existing facilities:

* Measurement of crystals smaller than 0.01 mm?

= High-resolution data collection up to approximately 1.0 A

= Strong SNR for precise determination of hydrogen positions

= Efficient mapping of reciprocal space for large unit cell systems

= Compatibility with emerging approaches such as DNP to enhance signal sensitivity

These capabilities allow routine access to systems that are currently inaccessible, including
weakly diffracting crystals and radiation-sensitive samples such as metalloenzymes.

Scientific Opportunities and Impact

The STS macromolecular crystallography instrument enables unprecedented insight into
enzymatic mechanisms, proton-coupled electron transfer, and biomolecular interactions. It
expands access to membrane proteins, intrinsically disordered systems, and transient
intermediates that are inaccessible with existing instruments. Time-resolved and serial
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crystallography approaches allow investigation of nonequilibrium biological processes. These
advances accelerate discovery in biocatalysis, bioenergy, and drug development and deepen
understanding of structure—function relationships in biology.

Al Integration and Data-Centric Discovery

Integration of Al-driven automation transforms experimental workflows through intelligent crystal
screening, robotic handling, adaptive data collection, and real-time structure determination. These
capabilities significantly increase throughput and experimental efficiency by at least 10-fold at
each step. The resulting proton-resolved structures provide critical training data for next-
generation Al models that move beyond structure prediction toward predictive molecular function,
catalysis, and ligand interactions.

Community Impact

The structural biology community is enormous (12,000-15,000 structures solved per year) and
eagerly awaits the commissioning of STS. The proposed instrument addresses a large and
growing demand within the structural biology community, where the vast majority of structures
(comprising 50% of the atoms) lack hydrogen information. It expands the user base to include
protein engineers, drug developers, and data scientists, while strengthening interdisciplinary
collaboration. The platform supports a broad range of applications, including biotechnology
innovation, sustainable energy solutions, and biomedical research, reinforcing leadership in
neutron-enabled biological science.

Conclusion

The STS macromolecular crystallography instrument represents a transformative advance in
structural biology. By enabling high-resolution, proton-resolved, and time-resolved
measurements, it unlocks new scientific opportunities across DOE mission areas. The integration
of advanced instrumentation and Al-driven workflows positions this capability at the forefront of
data-centric discovery, establishing a foundation for innovation in biology, energy, and medicine.

Neutron Materials Oscilloscope

Instrument Overview

The Neutron Materials Oscilloscope is a high-precision diffractometer with highly pixelated
detectors covering 3/4-spherical diffraction space. A long beam path allows high Q-resolution
(AQ/Q = 0.1%), which is ideal for WQNS measurements that capture small lattice strains. The
instrument also includes a SQNS detector for capturing larger microstructural features. The
instrument will include a large flexible sample space (1.5 m diameter) suitable for on-the-beam
experiments including thermal, mechanical, electrochemical, and a wide range of other custom
environments. The instrument will return a large volume of data from the 2D detectors and
experimental setups (e.g., sample temperature, load cell output, bulk strain), and Al integration
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will allow real-time data reduction so that beam optics can be adjusted for measurement in key
sample regions. The Al steering will ensure that rare events (e.g., void formation, delamination,
grain reorientation, crack initiation, localized strain) and spontaneous grain rotation are not missed
due to poor sampling statistics, and representative images of real-space microstructures and their
evolution processes are suggested.

Relevant Grand Challenges

Both MSE grand challenges—accurate digital twins to accelerate discovery, development, and
deployment of new materials and engineering material life cycles— require an elevated
understanding of materials structure across a wide range of length scales. There is a need for
capturing transient materials properties and behaviors in extreme environments during advanced
manufacturing processes including metal or ceramic AM and service life of materials in
aerospace, nuclear, and energy applications. The transient and nonequilibrium properties are
inherently the most difficult to measure, and most neutron instrumentation available for materials
engineering studies are optimized for ex situ, static, or quasi-static characterization of materials
properties. The transient and nonequilibrium behaviors are necessary for generation of accurate
materials models (molecular dynamics, phase field, crystal plasticity, thermomechanical
simulation, and finite element), which can be used as digital twins for both manufacturing
optimization and materials life cycle analysis. Characterization of materials in accelerated tests to
mimic long-term performance scenarios for durability and degradation predictions are critical for
materials life cycle assessment, and behavior in bulk materials that are not suitable for
synchrotron approaches provide more accurate analogue to real performance conditions.

Instrument Capabilities

A gently focusing elliptical neutron guide delivers a high-brilliance incident beam of small spot
size to illuminate a small number of grains in the material. The divergence needs to be matched
with the optics of the setup, e.g. point-spread function at the detectors. Many flat-panel pixel
detectors with TOF analysis cover the solid angle around the specimen, leaving space for sample
environment. The inclinations of the scattering vectors lie 90° + 8 from the forward beam direction,
where 20 is the scattering angle of the pixel where the event is detected. The length of the
scattering vector is measured by TOF. The azimuth is given by the rotation angle around the
incident beam axis. The backscattering detectors are closer and deliver higher reciprocal-space
resolution. Simultaneously, SQNS signal is measured in two dimensions by a TOF pixel detector
in a small-angle camera, in which typically the detector distance can be adjusted for high
reciprocals space coverage or high resolution. Figure 10 illustrates the instrument concept, and
Table 6 summarizes the instrument features. Both backscattering and SQNS signals benefit
tremendously from the high source brilliance at small incoming wavenumbers (long wavelengths).
The highly pixelated detectors are suitable for capturing very small diffraction peak shifts as well
as resolving neutron trajectory to discern sample versus test environment.

The optional polarizer for the neutron beam allows analysis of magnetic properties in select
materials, and the correlation chopper allows energy discrimination so that the instrument can be
used in a spectrometry mode with the same detector banks.
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Figure 10. Diffractometer layout, consisting of an elliptical neutron guide, scattering position, a
set of pixel detectors, and a small-angle chamber SQNS.

Table 6. Optimized Materials Oscilloscope instrument features.

Feature Specification
Beamline length 75 m (tube moderator)
Neutron beam KB mirror

Chopper (15 Hz vs 7.5 Hz)
Neutron beam (modes) Polarizer

Correlation Chopper
Beam spot size 5x5mmto 100 x 100 um
Wavelength range 1-20 A, selectable in bands of 3.5 A (@15 Hz) or 7 A (@ 7.5 Hz)
Highly pixelated

Detectors Backscatter, WQNS, SQNS
Q-resolution 0.1%
Sample size 1 mm to 50 cm
Sample space 1.5 m diameter with 3 m height

Al Integration

The high-fidelity scattering data will require real time data reduction for adaptive mesh style of
experiment optimization. Al-steered optics allow active sampling of key materials features
(texture, strain, phases) and region of interest targeting as wavelength range is adjusted and
spatial position in the sample is shifted, along with resolution vs. flux optimization in response to
sample scattering. This instrument will leverage Al methods for beam control, sample
environment control, data acquisition optimization, and data reduction/processing. The Al
capabilities must be built in parallel to the infrastructure because Al methods are central to data
reduction and experiment optimization. The instrument will generate massive training data for
experiment planning, model validation, and generation of digital twin framework. In addition, Al-
enabled steering will allow for streamlined instrument configuration, calibration, and training to
expand user base to industrial users (moving beyond a PhD-level user base) without creating
added burden on beamline scientists. Finally, Al will be used to image representative real-space
microstructures from the highly resolved diffraction data, taking into account grain orientation

Issued July 2026 7




SNS STS Grand Challenge Review & Prioritized First Instruments

correlations, diffuse scattering, and streaks; it will also be used to determine deformation systems
such as slip, twinning, grain boundary gliding, and kinetic aspects, as well as static and dynamic
recovery recrystallization, grain growth, and transformation mechanisms.

Cold Multiplexed Quantum Materials Spectrometer

Instrument Mission

The Cold Multiplexed Quantum Materials Spectrometer will establish a new national capability for
quantitative neutron spectroscopy of quantum matter. Its mission is to reveal, with unprecedented
precision, the microscopic correlations and excitations that govern emergent quantum function in
materials relevant to energy technologies, quantum information science, microelectronics, and
advanced manufacturing. The instrument directly measures the dynamic correlation function
S%(Q,w), capturing how spins, charges, and orbitals fluctuate in momentum and energy.
Combining high cold neutron brightness, broad bandwidth, multiplexed high-resolution
spectroscopy, polarization analysis, and absolute normalization, it will enable determination of
microscopic Hamiltonians, discrimination of competing quantum states, and rigorous
benchmarking of theory, Al/ML approaches, and quantum simulation.

The transformative advance of STS is not only greater sensitivity but also access to a
fundamentally new measurement regime. The spectrometer extends quantitative neutron
spectroscopy from a limited set of bulk crystals to emerging quantum materials platforms,
including sub-milligram samples, thin films, heterostructures, buried interfaces, strained systems,
and extreme environments. This capability addresses a central challenge: understanding
emergent behavior in materials where function arises from collective interactions not predictable
from structure alone. By enabling direct measurement of coherence, entanglement, excitations,
and symmetry-resolved correlations, the instrument moves neutron scattering from qualitative
observation toward predictive, model-validating science. It thus serves as a national discovery
and validation platform for quantum materials, positioning the United States for leadership in
quantitative quantum spectroscopy through STS. An illustration of the science is presented in
Figure 11.
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Figure 11. Energy scales and spectroscopic requirements for quantum materials and the STS
opportunity. In quantum materials, relevant energy scales collapse toward the meV range, where
competing states, entanglement, and emergent excitations appear with small energy splittings and finite
lifetimes. Conventional one-wavelength measurements provide limited coverage of the low-energy
response. STS enables multiwavelength, high-resolution, polarization-capable spectroscopy across the
full low-energy bandwidth, allowing quantitative measurement of coherence, continua, and symmetry-
resolved correlations. This capability transforms neutron spectroscopy from partial observation to

measurements precise enough to determine microscopic models of quantum excitations.

Capability Need

The instrument addresses five linked capability gaps:

Quantitative spectroscopy with native absolute normalization and XYZ polarization
analysis capabilities to determine entanglement-related correlations and microscopic
Hamiltonians

High-resolution cold neutron coverage to resolve compressed low-energy bands, coherent
excitations, continua, and decay processes

Access to frontier-scale materials, including sub-milligram crystals, modeling-ready
spectra from 10-50 mg samples, thin films, buried interfaces, and heterostructures
Compatibility with extreme sample environments, including high magnetic field, high
pressure, low temperature, high temperature, strain, and other control parameters
Discovery-to-modeling workflow, in which weak signals are first located efficiently and then
measured with the fidelity required for quantitative interpretation

Target Specifications
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Energy range: continuous cold neutron spectroscopy from approximately £ = 0 to 25 meV
Energy resolution: AE/E = 1%—2%, appropriate for resolving compressed low-energy
excitation spectra
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» Flight paths: representative primary flight path of approximately 30 m and secondary flight
path of approximately 2.5-4 m

» Detector coverage: very wide in-plane coverage with at least approximately +15° out-of-
plane coverage

» Polarization: clean, optionally XYZ-polarized measurements in absolute units

* Beam size: tunable beam from approximately 10 x 10 mm? down to 2 x 2 mm?

= Momentum resolution: target AQ < 0.01 A~ on representative samples

= Sample environments: compatibility with high magnetic fields approaching the 20 T
frontier, multi-gigapascal pressure cells, ultralow temperatures, and high-temperature
environments

= Sample reach: discovery inelastic measurements on <1 mg crystals and thin films
approaching the 10 nm scale in favorable cases; modeling measurements on
approximately 10-50 mg crystals

Instrument Geometry

The instrument can be realized in two distinct geometries. A direct geometry implementation
offers the most mature and technically secure path and has the following strengths:

Well understood background mitigation

Strong existing ORNL expertise and established user base

Natural compatibility with broad Q—E mapping

Clear route to absolute normalization and quantitative spectroscopy

Strong case for inclusion among the first group of STS instruments

More straightforward path to polarized spectroscopy than the indirect option

Therefore, the direct geometry option is the lower-risk path to a world-leading instrument with
strong early scientific productivity. It is particularly strong for quantitative model validation and
broad mapping of excitation spectra in small crystals and thin films.

An indirect geometry implementation could further maximize flux on sample and may offer special
advantages for ultrathin films, buried interfaces, the weakest signals, and the most challenging
sample environments. This option is attractive because the highest-growth opportunity for STS
guantum materials science is to extend INS into thin films, heterostructures, and device-relevant
materials. However, there are important trade-offs: the indirect option may involve significantly
higher background, potentially by an order of magnitude, and the implementation of polarization
is less clear.

Early Science Portfolio

The final spectrometer concept supports a broad early science portfolio:

e Entire rare earth—family excitation mapping in CsLnSex-type quantum magnets
e Pressure-tuned entanglement and criticality in NaYbO; and related materials
e Emergent magnetic excitations in thin nickel-based superconductors
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e Magnetic excitations and topological textures in systems containing absorbing elements
such as gadolinium- and europium-based metallic magnets
Stress- or strain-induced chiral splitting in altermagnet candidates
Thin-film and heterostructure spectroscopy in the 20—-100 nm regime

Why this Instrument is World-Leading

The instrument is world-leading because it combines capabilities that are not currently available
together: cold neutron brightness, high-resolution multiplexed spectroscopy, small-sample reach,
polarization, absolute normalization, broad Q—-E coverage, and compatibility with demanding
environments. The purpose is to establish a new measurement regime in which neutron data are
reproducible, precise enough to determine microscopic models, and suitable for integration with
simulation, Al/ML, and quantum computation benchmarks.

Why STS is Required

STS is required because the concept depends simultaneously on high cold neutron peak
brightness, broad bandwidth, low repetition rate, and low-background operation. Peak brightness
provides usable signal from sub-milligram crystals and nanoscale films. Broad bandwidth and low
repetition rate enable energy multiplexing at high resolution. Low background and polarization
allow weak magnetic signals to be interpreted quantitatively. The combination converts neutron
spectroscopy from a late-stage characterization method into a discovery and modeling platform
for quantum materials.

Final Recommendation

The final workshop concept should be presented as a Cold Multiplexed Quantum Materials
Spectrometer, with direct or indirect geometry retained as implementation options. The direct
geometry version is the lower-risk, higher-readiness path and is well matched to early STS
deployment. The indirect geometry version may provide exceptional reach for ultrathin films and
the weakest signals, but it requires further evaluation of background and polarization feasibility.
Both concepts are strongly STS-enabled; the key decision is the balance between technical
readiness and ultimate thin-film sensitivity.

Agile Polarized Diffractometer for Quantum Materials

Instrument Mission

The final workshop concept is an agile polarized diffractometer for quantitative magnetic
diffraction and diffuse scattering from frontier-scale quantum materials. Its mission is to determine
weak magnetic order, diffuse correlations, chirality, domain populations, coupled structural—
magnetic states, and field- or pressure-induced phases in the material forms where discovery
now occurs, including small samples, engineered structures, absorbing compounds, pressure-
cell samples, and materials under realistic external control.
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The scientific mission is to provide rapid, polarization-resolved measurements of magnetic
structure and correlations with the SNR needed to transform polarized diffraction from isolated
‘hero experiments” into a systematic discovery capability. In the same way that the cold
multiplexed spectrometer determines excitations and dynamical correlations, the agile polarized
diffractometer determines the underlying magnetic state: what orders, what remains diffuse, what
domains are selected, what chirality or non-collinearity is present, and how these properties
evolve across materials and external conditions. An illustration of the science enabled by the
concept is presented in Figure 12.
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Figure 12. From isolated measurements to quantitative mapping of magnetic states. Conventional
neutron diffraction is typically restricted to isolated measurements on a single favorable sample, yielding a
local determination of magnetic order. The agile polarized diffractometer enabled by STS transforms this
paradigm into a mapping capability across composition, sample position, thickness, field, pressure, strain,
and temperature, allowing weak order, diffuse correlations, chirality, and domain populations to be

located and then measured quantitatively.

Capability Need

The instrument addresses five linked capability gaps:
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Polarized magnetic diffraction and diffuse scattering to separate magnetic signals from
structural/background signals and resolve symmetry-dependent magnetic responses
High-SNR polarized measurements on small, weak, absorbing, heterogeneous, or
environment-limited quantum materials

Access to frontier-scale materials, including microgram-scale samples in favorable cases,
thin films, heterostructures, composition-gradient samples, and pressure-stabilized
phases

Compatibility with complex sample environments, including magnetic field, pressure,
strain, temperature, and driven or nonequilibrium conditions

Discovery-to-modeling workflow, in which weak order, diffuse correlations, domain
populations, chirality, and phase boundaries are first located efficiently and then measured
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with the fidelity required for quantitative magnetic crystallography and microscopic
interpretation

Target Specifications

Q-range: cold neutron diffraction and diffuse scattering over an approximate Q-range of
0.1-10 A", optimized for magnetic scattering below about 5 A"

Q-resolution: target AQ/Q = 0.3% at low angle, appropriate for magnetic structure
determination, phase mapping, and diffuse-scattering studies while preserving high
throughput

Polarization: full XYZ polarization analysis, with incident beam spin preparation along
three orthogonal axes and scattered beam implemented in a high-efficiency geometry.
The goal is to make polarization a native capability rather than a special mode with a
prohibitive flux penalty

Background control: low-background architecture using an argon chamber and
windowless design where possible, optimized for weak magnetic scattering, diffuse
signals, thin films, pressure cells, and absorbing materials

Flight paths: representative primary flight path of approximately 40 m to enable required
Q-range and Q-resolution; compact sample-to-detector distance of approximately 2 m with
vacuum tank to minimize background

Sample environments: compatibility with magnetic fields, pressure cells, strain,
temperature control, and driven or nonequilibrium environments, with the important
requirement that these environments remain compatible with polarization analysis
Sample reach: discovery measurements on approximately 0.5-10 mg crystals, with
possible reach toward the sub-milligram or 100 ug scale in favorable cases; modeling
measurements providing polarization-enabled quantitative magnetic crystallography on
milligram-scale samples in complex environments

Operating Concept

This instrument turns polarized diffraction from an isolated endpoint measurement on a single
favorable sample into a quantitative mapping tool across a multidimensional problem space:
composition, sample position, thickness, interface structure, field, pressure, strain, temperature,
and time-dependent control. In discovery mode, users can rapidly identify where weak order,
diffuse correlations, domain selection, chirality, or phase boundaries appear. In modeling mode,
they can return to those regions with the polarization fidelity, background control, and counting
statistics needed for magnetic structure determination and microscopic interpretation. The result
is not simply a diffraction pattern; rather it is a decision-guiding map of how magnetic states evolve
across materials and external conditions.

Early Science Portfolio

The final diffractometer concept supports a broad early science portfolio:
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=  Weak ordered moments and diffuse magnetic correlations in frustrated, disordered, or
partially ordered quantum materials

= Field-induced magnetic phases, including changes in propagation vector, moment
direction, domain selection, and phase boundaries

= Single-Q versus multi-Q magnetic order, including chiral and noncollinear magnetic
textures

» Structural-magnetic coupling in functional materials where lattice, charge, orbital, and spin
degrees of freedom are intertwined

= Driven or nonequilibrium magnetic states in complex sample environments

= Magnetism in thin films, heterostructures, devices, and strain-controlled materials

= Magnetic phase mapping in pure and composition-gradient samples

= Magnetism in absorbing compounds such as Gd;PdSi; and EuCoAlg

= High-pressure studies of nickelates and related materials, including LaNiO2 and La3zNi-O7

Why this Instrument is World-Leading

The instrument is world-leading because it uniquely combines native polarization, high cold
neutron brightness, low background, small-sample reach, rapid reciprocal-space access, and
demanding sample-environment compatibility to make polarized magnetic diffraction systematic
rather than exceptional. By optimizing polarization, SNR, and brightness together, it can
determine weak order, diffuse correlations, chirality, domains, and symmetry breaking across
small samples, thin films, absorbing materials, pressure cells, composition gradients, and external
controls. In this role, the diffractometer provides the essential state information needed to interpret
the dynamics measured by the companion spectrometer.

Why STS is Required

STS is required because this concept depends simultaneously on high cold neutron peak
brightness, a broad wavelength band centered around cold neutron wavelengths, low
background, polarization capability, and small-beam performance. Peak brightness enables
polarized measurements on milligram-scale samples, weak magnetic signals, absorbing
compounds, thin films, and samples in restrictive environments. A small bright beam enables
high-polarization SNR while supporting rastering, local-response mapping, and multi-sample
workflows. Low background is essential for diffuse scattering, weak order, pressure cells,
substrates, and buried or interfacial magnetism. This is precisely the regime where STS changes
the scientific question. Instead of asking whether a rare favorable sample can be measured, users
can ask how magnetism evolves across a material family, across a spatially varying sample, or
across the external conditions that select functional magnetic states. This shift makes neutron
diffraction a discovery and validation platform for quantum materials, rather than only a late-stage
characterization tool.

Final Recommendation

The final workshop concept should be presented as an agile polarized diffractometer for quantum
materials. It is a distinct and essential complement to the Cold Multiplexed Quantum Materials
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Spectrometer. The diffractometer provides rapid, polarization-resolved determination of magnetic
order, diffuse correlations, chirality, domain populations, and field- or pressure-induced states;
the spectrometer provides quantitative dynamics and correlations. Together, the two instruments
define a complete STS capability for quantum materials: one optimized to determine the state,
the other optimized to determine the excitations and correlations of that state. The diffractometer’s
defining contribution is to make polarized neutron diffraction systematic, scalable, and compatible
with Al-accelerated materials discovery.

Instrument Selection

After refinement of the proposed instrument suite from 10 STAC-specific instruments to 7
optimized instruments, the STAC co-chairs presented the finalized concepts on the second day
of the Arlington workshop. The cohort of voting STAC members, listed in Table 7, subsequently
voted for the instruments per the STS Instrument Selection Criteria (listed in the next subsection).
The goal of the workshop is ultimately to provide a refined list of instruments that are ranked by
community voice to three instruments recommended for the first buildout and two alternate
instrument concepts.

Table 7. Voting members of each STAC.

Adrian Briigger and Hillary Smith, chairs

Biological Chemistry & Materials Science & Quantum Soft Matter &
Systems Catalysis Engineering Materials Polymers

Gloria Borgstahl* Efrain Rodriguez* Lesley Frame* Martin Mourigal* Rana Ashkar*
Drew Marquardt * | Julia Zaikina* George Nelson* Daniel Shoemaker* | Jeffrey Richards*
Aina Cohen Eric Bloch Klaus-Dieter Liss Sara Haravifard Emily Davidson
Elizabeth Kelley Hayden Evans Victor H. Ramos Sanchez Steven May Whitney Loo
Timothy Mueser Annalise Maughan | Martin Wissink Ni Ni Connie Roth
*Co-chairs

STS Instrument Selection Criteria

Selection criteria were based on the new boundary conditions of a relatively narrow instrument
buildout of only three first instruments. Per the charge of the DOE, a set of robust instruments
was selected that would provide the greatest possible academic, societal, and mission impact
across a maximally broad area of science domains. The following criteria were developed and
presented to the voting members:

e Can you do this anywhere else? [Critical]:
o Evaluate how effectively the instrument leverages unique STS characteristics like
cold neutrons, broad bandwidth, and high peak brightness.
Review whether the design maximizes these benefits.
Review whether the instrument’s capabilities would be better suited at another
ORNL neutron source.
o Evaluate how well the instrument complements existing ORNL instruments.
e Scientific importance and impact:
o Assess whether the instrument will advance the frontiers of knowledge.
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Review whether compelling experiments are planned for Day 1.
Evaluate whether the instrument maps significantly to presented grand challenges.
Assess whether the instrument spans multiple fields.
o Evaluate the instrument’s broader societal impacts and DOE mission alignment.
e Potential for community growth:
o Determine the ability of concept to bring users from other fields to neutron
scattering.
o Assess the instrument’s potential to increase national and global footprint of
neutron science.
e Successful out the gate:
o Review whether the concept demonstrates technical readiness with acceptable
development effort between present and 2035.
o Determine whether the instrument will be world-leading, competitive, and “highly
productive out the gate.”

o O O

Voting Results

Voting was performed by the 2 STAC chairs and 25 STAC voting members through an online
ranked choice voting system. STAC members ranked all instruments according to the instrument
selection criteria. A total of 26 votes were received, yielding the following results (Figure 13).
Ranked choice voting was used with seven candidates (instruments) and three winners (primary
instruments); the two alternate instruments were selected from the voting ranks a posteriori
(Figure 14).

The following three instruments were chosen for the STS first instrument buildout (STS
Subproject 2), in ranked order:

STS1 Dynamic Multimodal Imaging
STS2 Multiscale W—VSANS with Combined Imaging
STS3 Agile Polarized Diffractometer

The following two instruments were chosen as alternates for the STS first buildout (STS
Subproject 2), in ranked order:

STS4 Small-Sample Direct Geometry Cold Neutron Spectrometer
STS5 Macromolecular Crystallography

This ranked priority list of instruments constitutes a community consensus decision for the global
optimum across the neutron scattering community, as outlined in Figure 15. The ranking between
the Agile Polarized Diffractometer and the Small-Sample Cold Neutron Spectrometer was a
technical tie, broken by tertiary vote rank. The community voice of this specific instrument, the
condensed matter physics domain, will continue to engage in further study to identify the optimal
instrument concept in this area.
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STS Instrument Prioritization

26 votes cast — 3-winner contest, voting was closed at 8:43 PM

Winners: Dynamic Multimodal Imaging, Multiscale W->V-SANS with Combined Imaging, AgilePolarized
Diffractometer

Final
Dynamic Multimodal Imaging
2 Multiscale W->V-SANS with Combined N
Imaging
g |
AgilePolarized Diffractometer v |
1
4 Small- Sample Direct Geometry CN |
Spectrometer |
|
s Macromolecular Crystallography eliminated
]
|
2 Chemical Spectro-diffractometer leliminated
1
|
1 Materials Oscilloscope 'eliminated
Rounds ;
Slider |
Inactive ballots |
Votes to win I
0 1 ' ; 4 5 5 7 8

Votes

Candidate colors: [ Chemical Spectro-difir.. [l Materials Oscilloscope [l Dynamic Multimodal Ima... Small- Sample Direct G.
B Multiscale W->V-SANSw... [l Macromolecular Crystal... [l AgilePolarized Diffrac..  +/ Candidate elected

Figure 13. Ranked choice voting results. The three chosen instruments are Dynamic Multimodal
Imaging, Multiscale W->VSANS with Combined Imaging, and the Agile Polarized Diffractometer. It should
be noted that the Small-Sample Direct Geometry CN Spectrometer received the same number of votes as

the Diffractometer, with the tie between the two candidates broken by a tertiary tie-break rule.
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R1 YA R2 i R3 i R4 L R5 i R6

Dynamic Multimodal Imaging 7.+

o
o

Tv Tv 0 Tv 0 Tv 0 Tv

Multiscale W->V-SANS with = 2 0 2 2 4 0 4 4 8v - v
Combined Imaging

AgilePolarized Diffractometer 4 0 4 0 4 2 6 0 6 0.125 6.125«

Small- Sample Direct Geometry 4 0 4 0 4 1 5 0 5 0875 5875
CN Spectrometer

Macromolecular 4 0 4 0 4 0 4% -4 - 0 -
Crystallography
Chemical Spectro- 3 0 3 0 3 -3 — 0 — 0 —
diffractometer
Materials Oscilloscope 2 0 2% -2 — 0 — 0 — 0 =
Total active ballots 26 26 26 26 26 26
Inactive ballots 0 0 0 0 0 0 0 0 0 0 0

Use of mathematical tiebreaker formula - weights voter preferences from before rounds are calculated
+/- Votes transferred between rounds X Candidate lost tie-breaker — Candidate eliminated or excluded v Candidate elected
Figure 14. Ranked choice voting rounds, showing vote count for each candidate during each

round of ranked choice tabulation. In round, the candidate with the fewest votes was eliminated, and
its votes were transferred to voters' next-ranked choice. A tie break resolved rank 3 and rank 4.

Instrument Optimization Workflow and Outcome

INITIAL INSTRUMENT CONCEPTS Optimized Concepts
Direct-Geometry Cold-Neutron . .
QM1 Spectrometer for Quantum Materials Output 1: Dm:g[‘]?:‘;‘g'\%‘;gg; STS1
M2 Agile Polarized Diffractometer
for Quantum Materials
| : . Qutput 2: Combined W->VSANSs +
MSE1 r v Ngmm:ﬁ%’:ge Exposure Imaging Instrument (7.0 Votes) STS2
MSE2 | Materials Oscilloscope O3 Aol Pomeea
put 3: Agile Polariz
. WORKSHOP Diffractometer for Quantum ' STS3
ccy  Diffractometer INSTRUMENT Materials (6.1 Votes)
(wide Q-range & Polarization) OPTIMIZATION 2

(TOTAL VOTES: 27) |
Output 4: Cold Multiplexed

CC2 i Wide Dynamic-Range Spectrometer Quantum Materials Spectrometer = SYS4

(5.9 Votes)
SMP1 High-Flux Broadband Neutron
Spin Echo Spectrometer - Outout 5: Macromolecular
; < - ( Crystallography Instrument || SYS5
swip2 | Combined W—>VSANS + / (4.0 Votes) I
Imaging Instrument : )
B ————— ’ Output 6: S| -diffractometer
[ BIOl] Macromolecular Crystallography ] o7 for Catalysis Chemlul(gg%%vég STS6
B2 | Ouput 7 Newtonteral |

Figure 15. Final selection outcome.
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Looking Ahead

This report, a just-in-time product culminating from the May 2026 Arlington workshop, should be
viewed as an important step in a continuing community-driven process to promote the scientific
and technical direction of STS. The initial suite of instruments recommended here reflects the
highest-priority science opportunities identified by the community to provide a strong foundation
for early facility development and success. At the same time, the broader set of proposed
concepts remains an important source of future innovation. Regular community discussions in the
form of symposia and workshops will help to refine existing instrument concepts and ideate new
concepts, identify emerging needs, and guide future phases of instrumentation development. As
with the process described in this report, moving forward, instrument selection should engage not
only neutron scattering experts but also researchers from adjacent scientific communities whose
most pressing scientific questions may require capabilities that can only be addressed by neutron
scattering. By bringing this perspective into the discussion, the facility can ensure that new
instruments are designed around the most important unsolved national problems and that neutron
capabilities are developed such that they provide unique scientific value. Continued discussion of
reflectometry, spectroscopy, and potential optimizations of spectrometer geometry will be
important as the facility vision develops. For example, the possibility of substituting or
complementing a direct geometry spectrometer with an indirect geometry instrument should be
considered carefully, driven by the balance of science areas enabled by the initial instrument
choices and the development risk of the instrument. In this way, the workshop outcomes establish
a clear starting point while preserving room for future growth, innovation, and alignment with
NScD’s broader mission to enable world-leading neutron science.

Sustained community engagement will be essential to ensuring that this process remains
responsive, forward-looking, and driven by the scientific needs of the most competitive and
cutting-edge areas of science. The community is highly engaged in this process and expects to
remain involved throughout the evolution of this project, especially as important matters are
considered during instrument design. The chairs of this workshop expect to remain in lively
communication with both NScD and the STS project office as instrument concepts are developed
and ultimately designed.

This report is a product of an urgent charge received by the science community from DOE and
NScD to review the existing grand challenges and produce a ranked set of instruments. This
report represents the expedient effort of the STAC voting members, ORNL technical advisors,
and external technical advisors.
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Conclusion

The successful completion of this community-driven report marks a critical milestone in defining
the strategic scientific priorities and instrumentation blueprints for STS ahead of its CD-2
independent project review. This blueprint was achieved through a rigorous, multistage
optimization process during an in-person workshop, where the initial 10 instrument concepts
ideated by individual STACs were consolidated and refined into 7 globally optimized candidate
instruments. These candidate concepts were systematically evaluated against performance
metrics, including their technical readiness for a 2035 deployment, broad scientific impact, unique
leverage of STS source properties, and capacity to expand the national footprint of neutron
science. To transparently adjudicate this portfolio, the STAC voting members and chairs used a
ranked choice voting system to establish a community consensus priority list for the subproject’s
initial buildout. The final voting results officially designated (1) Dynamic Multimodal Imaging, (2)
Multiscale W—VSANS with Combined Imaging, and (3) Agile Polarized Diffractometer as the
three primary instruments, with the (4) Small-Sample Cold Neutron Spectrometer and (5)
Macromolecular Crystallography selected as the top alternates. This definitive selection sequence
provides a firm foundation for early facility development while preserving the broader set of
proposed concepts as a vital source of future innovation and technical refinement as the project
advances. The community consensus is that this instrument selection best maps the Grand
Challenges to the appropriate instrument techniques to generate new science in these
critical areas of inquiry. As such, this ranking is a global optimum across the field of
neutron scattering.

Moving past the workshop, sustained and active engagement from the broader scientific
community remains absolutely vital to ensuring that the technical direction of STS stays
responsive to the most cutting-edge areas of modern research. Continued involvement and a
strong collective voice from traditional neutron scattering experts, as well as researchers from
adjacent, non-neutron scientific fields, will be necessary to refine instrument designs, identify
emerging research needs, and guide subsequent phases of facility buildout. This ongoing
community collaboration directly fulfills the NScD core mission to serve the science community's
most pressing and impactful inquiries. Furthermore, it reinforces the NSSA foundational mission
to advance neutron scattering research across the United States, alongside the mission of the
SHUG-EC to actively represent and engage the user community. Ultimately, NScD, NSSA, and
the ORNL SHUG-EC are intimately engaged in a unified common cause to empower neutron
science for the national good. Together, this cooperative alliance guarantees that the DOE BES
program secures a world-leading and immediately productive platform that fully delivers on the
DOE mission to drive national energy innovation, advanced manufacturing, and global
technological competitiveness. If potential modifications are made to the first instruments buildout
portfolio, such decisions must be made in concert with a representative cohort of neutron
scattering scientists, as was done here.
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NSSA Resolution

RESOLUTION of the Executive Board of the Neutron Scattering Society of America

A RESOLUTION AUTHORIZING THE PUBLICATION OF A NEUTRON COMMUNITY REPORT
FOR THE SECOND TARGET STATION CD-2 INDEPENDENT PROJECT REVIEW

ADOPTED on 16 June 2026;

WHEREAS it is in the best interest of the Neutron Scattering Society of America’s mission to
advance neutron scattering research in the United States;

WHEREAS a cohort of independent neutron scientists was convened to act in good faith to
generate a comprehensive report outlining strategic scientific priorities, ideating, evaluating, and
prioritizing instrument concepts for the Second Target Station (STS);

NOW THEREFORE IT BE RESOLVED THAT by motion of the President, the Executive
Committee hereby formally approves and authorizes the issuance of the report entitled “Spallation
Neutron Source Second Target Station Grand Challenge Review and Prioritized First
Instruments;” and

BE IT FURTHER RESOLVED that the aforementioned report is henceforth publicly available free
of charge in electronic form on the NSSA website (neutronscattering.org).

CERTIFICATION

I, Adrian Briigger, the duly elected president of the Neutron Scattering Society of America do
hereby certify that the foregoing is a true and correct copy of a resolution duly adopted by the
Executive Committee at a meeting held on the 16th day of June, 2026.

Adrian Brugger, Ph.D., President
Neutron Scattering Society of America
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Appendix A. Guiding Questions for Peer

Reviewers

1. Arethe outlined science grand challenges in your field of expertise compelling and
of high societal impact? Please identify additional challenges that are missingin
your field of expertise that can only be addressed with the anticipated
characteristics of STS and associated capabilities of future instrumentation.

2. Do the outlined grand challenges in your field of study align with the strategic
mission goals of the U.S. Department of Energy? For example: Genesis Mission
National Science and Technology Challenges, Office of Electricity Strategic Plan

3. Canthe science grand challenges be addressed with any existing capabilities? Are
the comparisons with alternative techniques relevant and accurate?

4. Do you find the leveraging of Al presented in the grand challenges compelling and
relevant? Does the proposed use of Al fundamentally enable science that would
otherwise not have been possible? Do you see any gaps or further opportunities to
leverage Al in this science domain?

AITER,
s,

Issued June 2026

_WEUTR,
N Azane®
I

N

>
£
)



SNS STS Grand Challenge Review & Prioritized First Instruments

Appendix B. Workshop Agenda
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Zoom link (for South):

May 19-21, 2026

STS Community Science Workshop

Sheraton Pentagon City, Arlington, VA

https://ornl.zoomgov.com/meeting/vJltcOmopjsrHdtvOdLdjrmbkpj2iHJeAuM/ics?icsToken=98tyKuiurjw

qGtyVsR7Bel89FaPgcevrkWNmrrdLsxvJBypBbwH9JugQO5pVFfnF

Join ZoomGov Meeting @

https://ornl.zoomgov.com/j/1607008017?pwd=Ep8c2k7QnNrDoJA6j0hp6f1dHltoFr.1

Meeting ID: 160 700 8017, Passcode: 031469

Monday 18 May 2026

Time Session Location
7:00 PM-
Registration Open Assembl
8:30 PM - > v
Tuesday 19 May 2026
Time Session Speaker Location
7:30 AM- . .
8:00 AM Registration & Breakfast Assembly
Insights and Takeaways from
Advanced Photon Source Upgrade,
Stephen Streiffer, Oak Ridge
8:00 AM- . National Laboratory
Working Breakfast th
9:00 AM orking Breaxias Welcome & Meeting Objectives, sou
Path to STS First Science
Jon Taylor, Oak Ridge National
Laboratory
9:00 AM- . Adrian Brugger, Columbia University
9:30 AM STAC Overview Hillary Smith, Swarthmore College South
Drew Marquandt, University of
9:30 AM- Biological Systems Windsor South
9:55 AM Summary Gloria Borgstahl, University of
Nebraska
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Time Session Speaker Location
9:55 AM- Quantum Materials MarFm Mourigal, Georg1a Tech
Daniel Shoemaker, University of South
10:20 AM Summary ..
Illinois
10:20 AM-
10:35 AM Break Assembly
Lesley Frame, University of
10:35 AM- | Materials Science & Connecticut South
11:00 AM Engineering Summary George Nelson, University of
Alabama
11:00 AM- | Chemistry & Catalysis Ju“é Za1k1n.a, lowa S'Fate pn1vers1ty
Efrain Rodriguez, University of South
11:25 AM Summary
Maryland
11:25 PM- Rana Ashkar, Virginia Tech
) Soft Matter Summary Jeffrey Richards, Northwestern South
11:50 AM . .
University
11:50 AM- | Working Lunch, Al and the | Mark Lumsden, Oak Ridge National Pick up lunch in
2:50 PM Genesis Project Laborato Assembly and
’ ] ry return to South
12:50 PM- - , STAC Co-chairs, Hillary Smith,
1:30 PM Organizational meeting Adrian Briigger North 1
Concurrent working sessions
1:30 PM- Quantum Materials and
) Materials Science & STAC members North 1
2:30 PM . .
Engineering
Biological Systems, Soft
Matter, and Chemistry STAC members North 3
& Catalysis
2:30 PM-
2-45 PM Break Assembly
245 PM- Materials Science &
) Engineering and Chemistry | STAC members North 1
3:45 PM .
& Catalysis
Quantum Materials, Soft
Matter, and Biological STAC members North 3
Systems
3:45 pm- Materials Science &
P Engineering, Soft Matter, | STAC members North 1
4:45 pm . ;
and Biological Systems
Quantum Materials and STAC members North 3

Chemistry & Catalysis
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Time Session Speaker Location
Committee working time
4:45 PM- De-brief
6:00 PM Work on revised concepts
Prepare short presentations for Wednesday morning
Biological Systems STAC members North 1
Chemistry & Catalysis STAC members North 2
Quantum Materials STAC members North 3
Matfenals. science & STAC members Concourse
Engineering
Soft Matter STAC members South
6:00 PM-
6:30pM | Bredk
6:30 PM- Working Dinner: STS Leighton Coates and Ken Herwig, Cavalier
7:30 PM Project Update Oak Ridge National Laboratory
7:30 PM- . . STAC Co-chairs, Hillary Smith and
8:00 PM Organizational meeting Adrian Briigger North 1
Wednesday 20 May 2026
Time Session Speaker Location
7:30 AM Breakfast Available Assembly
Working Breakfast: Recap | Adrian Briigger, Columbia University | Pick up breakfast in
8:00 AM- . .
of yesterday and plan for | and Hillary Smith, Swarthmore Assembly and
8:30 AM
today College return to South
Biological Systems Co-chairs
STAC Updates on Chemistry & Catalysis Co-chairs
8:30 AM- instrument concept Materials Science & Engineering Co- South
0:00 AM development (-15 chairs
min/STAC) Quantum Materials Co-chairs
Soft Matter Co-chairs
10:00 AM-
10:15 AM Break South
Cross-talk between STACs North 1
10:15 AM- to discuss science overlap North 2
12:00 PM and emerge with 7-8 STAC Members North 3
. Concourse
instrument concepts
South
Working Lunch: Round Facilitators: Adrian Briigger, Pick up lunch in
12:00 PM- . . . . . .
Table Discussion of Columbia University and Hillary Assembly and
1:00 PM .
Instrument Concepts Smith, Swarthmore College return to South
1:00 PM- Refine science impact ,
2:30 PM and instrument concepts STAC members All Rooms Available
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for Neutron Scattering

Time Session Speaker Location
2:30 PM-
245 PM Break Assembly
Biological Systems Co-chairs
STAC Updates on Chemistry & Catalysis Co-chairs
2:45 PM- instrument concept Materials Science & Engineering Co- South
3:45 PM development (-10 chairs
min/STAC) Quantum Materials Co-chairs
Soft Matter Co-chairs
3:45 PM- . .
6:00 PM Group Discussion Attendees South
6:00 PM-
6:30 PM Break Assembly
6:30 PM- Yeocrl'lm(:\r;gloD]iZ:f(rl:aEgEiblgc?egs Matt Stone, Oak Ridge National Cavalier
7:30 PM s P Laboratory

Thursday 21 May 2026 — Leadership & STAC Co-Chairs Only

Time Session Speaker Location

7:30 AM Breakfast Available Concourse

8:00 AM- Working Breakfast: . Adrian Brugger

8:30 AM Instrument Concept White Hillary Smith Concourse
’ Paper Closeout Charge i

8:30 AM- . .

12:00 PM Writing Session Concourse

12:00 PM Adjourn Thank you!

Issued June 2026

HITER,
Eo

NEUTRG,
% ,
7\

4130

B-5




SNS STS Grand Challenge Review & Prioritized First Instruments

Appendix C. Science Theme Advisory Committee
Membership and Technical Consultants for STS

Community Science Workshop
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Science
Theme
Advisory
Committee
Committee

Assignment

Full Name

Adrian Bragger

Affiliation

Columbia University

Chairs

Hillary Smith

Swarthmore College

Biological

Committee Co-Chair

Gloria Borgstahl

University of Nebraska Medical Center

Systems

Committee Co-Chair

Drew Marquardt

University of Windsor

Committee Member

Aina Cohen

Stanford University

Committee Member

Elizabeth Kelley

National Institute of Standards and Technology

Committee Member

Timothy Mueser

University of Toledo

Chemistry &

Catalysis

Committee Member Andy Stephen National Institute of Standards and Technology
Non-ORNL technical consult | Alec Follmer University of California, Davis

Committee Co-Chair Efrain Rodriguez University of Maryland

Committee Co-Chair Julia Zaikina lowa State University

Committee Member Eric Bloch Indiana University

Committee Member

Hayden Evans

National Institute of Standards and Technology

Committee Member

Annalise Maughan

Colorado School of Mines

Non-ORNL technical consult

Craig Brown

National Institute of Standards and Technology

Non-workshop contributor

Olivier Delaire

Duke University

Materials

Committee Co-Chair

Lesley Frame

University of Connecticut

Science &

Committee Co-Chair

George Nelson

University of Alabama in Huntsville

Engineering

Committee Member

Klaus-Dieter Liss

University of Tennessee

Committee Member

Victor Hugo Ramos- Sanchez

Northern Arizona University

Committee Member

Martin Wissink

Phoenix Neutron Imaging

Non-ORNL technical consult

Anders Kaestner

Paul Scherrer Institute

Non-ORNL technical consult | Alex Long Los Alamos National Laboratory
Non-ORNL technical consult | Markus Strobl Institut Laue-Langevin
Non-workshop contributor Brent Fultz California Institute of Technology

Non-workshop contributor

Nikolay Kardjilov

Helmholtz-Zentrum Berlin
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Science
Theme
Advisory
Committee
Quantum
Materials

Soft Matter &
Polymers

ORNL
technical
consultant

Issued June 2026

Assignment

Committee Co-Chair

Full Name

Martin Mourigal

Affiliation

Georgia Institute of Technology

Committee Co-Chair

Daniel Shoemaker

University of lllinois Urbana-Champaign

Committee Member

Sara Haravifard

Duke University

Committee Member Steven May Drexel University

Committee Member Ni Ni University of California. Los Angeles

Non-ORNL technical consult Nicholas Butch National Institute of Standards and Technology
Committee Co-Chair Rana Ashkar Virginia Polytechnic Institute and State University

Committee Co-Chair

Jeffrey Richards

Northwestern University

Committee Member

Emily Davidson

Princeton

Committee Member Whitney Loo University of Wisconsin

Committee Member Connie Roth Emory University

Non-ORNL technical consult John Barker National Institute of Standards and Technology
Non-ORNL technical consult Jan llavsky Argonne National Laboratory

Non-ORNL technical consult

Ramanan Krishnamoorti

University of Houston

Non-workshop contributor

Matt Helgeson

University of California, Santa Barbara

Ke An

Oak Ridge National Laboratory

Stuart Calder

Oak Ridge National Laboratory

Changwoo Do

Oak Ridge National Laboratory

Malcolm Guthrie

Oak Ridge National Laboratory

Saurabh Kabra

Oak Ridge National Laboratory

Jue Liu

Oak Ridge National Laboratory

Yaohua Liu

Oak Ridge National Laboratory

Eugene Mamontov

Oak Ridge National Laboratory

Flora Meilleur

Oak Ridge National Laboratory

Shuo Qian Oak Ridge National Laboratory
Chris Ridley Oak Ridge National Laboratory
Matthew Stone Oak Ridge National Laboratory
Erik Watkins Oak Ridge National Laboratory

Yuxuan Zhang

Oak Ridge National Laboratory
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Appendix D. Specifications for Prioritized First

Instruments and Science Areas Served
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Small-Sample Direct-Geometry Cold-Neutron Spectrometer

Capability need

e Perform quantitative spectroscopy of quantum materials in absolute units
to understand entanglement

¢ Resolve compressed low-energy excitation spectra to understand
coherence

e Access frontier-scale materials (sub-mg crystals, thin films, buried
interfaces) that are relevant for function

¢ Operate in extreme sample environments to control states and excitations

e Enable discovery to modeling workflow in quantitative truthful way to
validate Al models and benchmark quantum computation

Technical features

e Clean, optionally XYZ-polarized Saf(Q,w) in absolute units; wide detector
coverage in-plane and +15° out-of-plane

¢ Cold neutron time of flight (direct or indirect); continuous E = 0-25 meV,
AE/E = 1%—2%; ~30 m primary, 2.5—-4 m secondary flight paths

e Beam size 10 mm x 10 mm to 2 mm x 2 mm; Q-resolution <0.01 A-*;
sensitivity to <1 mg crystals and <100 nm films

e Compatible with 20 T fields, multi-GPa pressure, ultralow and high temp

¢ Dual modes: discovery (<1 mg, <100 nm) and modeling (10-50 mg
quantitative spectroscop

Unique, enabling capabilities of Second Target Station (STS)

e Bandwidth + peak brightness enable polarized, quantitative
measurements on small samples

e Low repetition rate enables energy multiplexing at high resolution

e Peak brightness provides usable signal from sub-mg and nanoscale
samples

¢ Large bandwidth preserves coverage under restricted ang. access

e Only STS combines brightness + bandwidth + cold high-resolution in an
instrument geometry with well understood background mitigation

Alignment with DOE mission
Grand Challenge 1: Discover and control functional quantum materials for information and energy technologies. Examples: quantum magnets, superconductors,
topological materials, altermagnets, spintronics, skyrmions, multiferroics, and heterostructures; in crystal, films and device-relevant platforms.

Grand Challenge 2: Understand quantum coherence, entanglement, decoherence, and fundamental dynamics. Examples: mapping quantum phases, applying
fields, critical behavior, and disorder effects; understood quantitatively & mechanistically.

Key experiments
Overall experimental thrusts:
e Map and quantify elementary excitations across broad Q—E space
o Determine absolute dynamical correlations and quantum numbers in complex
materials
Resolve low-energy, compressed, and overlapping spectral features
Track emergent excitations under external tuning parameters (field, pressure,
strain)
Probe collective modes in reduced dimensions (thin films, interfaces)
Establish microscopic Hamiltonians across families of quantum materials
¢ Enable discovery to modeling workflows from weak signals to predictive theory
Day-1 experiments:
o Map zero-field and field-induced excitation spectra across the CsReSez family
¢ Drive and observe an entanglement critical point in NaYbSe2 under >4 GPa
pressure
e Measure resonant modes in thin-film Ni-based superconductors
o Determine spin excitations in metallic skyrmion systems (Gd-, Eu-based)
¢ Resolve stress-induced chiral splitting in altermagnet candidates
e Measure magnons at antiferromagnetic Weyl semimetal interfaces
Unique, world-leading capabilities
e Combines polarization, absolute normalization, and wide coverage for true
microscopic model validation
o Combines simultaneous high resolution and broad energy coverage without
flux penalty (true multiplexed spectroscopy)
o Extends neutron spectroscopy into ultrasmall crystals and thin films while
retaining quantitative capability
¢ Integrates extreme environments with full Q—E mapping and quantitative
spectroscopy
o Accelerates transition from signal detection to predictive models
Science areas served
e Quantum Materials
e Chemistry & Catalysis

HITER,
ATy,
o
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Agile Polarized Diffractometer
Capability need
¢ Quantitatively separate nuclear, magnetic, and interference scattering in
quantum materials using full polarization analysis
e Support single-crystal and powder diffraction to connect reciprocal-space
mapping of ordered and diffuse scattering with phase identification,
structure refinement, and quantitative analysis
e Measure weak Bragg peaks and diffuse magnetic scattering in small-
volume, absorbing, heterogeneous, and device-relevant samples,
e Map field-, pressure-, strain-, and bias-dependent phase behavior using
polarized diffraction with advanced sample environments
¢ Provide quantitative elastic-scattering constraints for modeling magnetic
structure determination, short-range correlations, and competing phases
Technical features
¢ Dual-mode polarized diffractometer for single-crystal and powder
diffraction with full XYZ polarization analysis.
e Cold-neutron performance: Q = 0.1-10 A-* (optimized below 5 A-"), ~0.3%
AQ/Q resolution at low and moderate Q, and 1-7 A bandwidth at 15 Hz.
¢ Single-crystal mode: reciprocal-space mapping of polarized Bragg and
diffuse scattering from 0.5—-10 mg crystals (potentially sub-mg).
e Powder mode: quantitative magnetic and structural refinement, phase
identification, and diffuse scattering supporting <1 mg samples.
¢ Agile sample environments: magnetic field, pressure cell, electrical bias
e Beamline geometry: ~40 m beam path; ~2 m sample-to-detector distance
Unique, enabling capabilities of STS
e STS is required because this concept depends simultaneously on high
peak brightness, a broad wavelength band centered around cold neutron
wavelengths, low background, polarization capability, and small beam.
¢ High peak brightness enables polarized measurements of weak magnetic
signals, absorbing materials, thin films, restrictive sample environments
¢ A small, bright beam provides high signal-to-noise while enabling rastering,
local-response mapping, and multisample workflows.
e Low background is critical for diffuse scattering, weak magnetic order,
pressure cells, substrates, and buried or interfacial magnetism.
e STS shifts neutron diffraction from measuring only rare, ideal samples to
discovering and validating magnetic behavior across material families,
spatial variations, and external stimuli.

Alignment with DOE mission
Grand Challenge 1: Discover and control functional quantum materials for information and energy technologies. Examples: quantum magnets, superconductors,
topological materials, altermagnets, spintronics, skyrmions, multiferroics, and heterostructures in crystal, films, and device-relevant platforms.

Grand Challenge 2: Understand quantum coherence, entanglement, decoherence, and fundamental dynamics. Examples: mapping quantum phases, applying
fields, critical behavior, and disorder effects; understood quantitatively and mechanistically.

Key experiments |
Overall experimental thrusts:

e Mapping magnetic phase space
Thin film magnetism, including bias and strain

Highly absorbing rare earth materials

High-pressure interplay of magnetism and superconductivity
Mapping heterogeneous samples

Unique, world-leading capabilities

¢ Unique combination of native polarization, high cold neutron brightness, low
background, small-sample reach, rapid reciprocal-space access, and
demanding sample-environment compatibility make polarized magnetic
diffraction systematic rather than exceptional.

¢ Optimization of polarization, signal-to-noise, and brightness together allows
determination of weak order, diffuse correlations, chirality, domains, and
symmetry breaking across small samples, thin films, absorbing materials,
pressure cells, composition gradients, and external controls.

¢ Delivery of essential state information allows interpretation of the dynamics
measured by the small-sample direct geometry spectrometer

Science areas served

e Quantum Materials
e Chemistry & Catalysis

HITER,
ATy,
o
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Dynamic Multimodal Imaging

Capability need

¢ Crystallographic mapping with longer wavelength Bragg edges

¢ Small-angle neutron grating interferometry for subpixel microstructure
e Spectroscopic imaging via inelastic neutron scattering

e MIEZE-enabled neutron spin echo imaging

Technical features

e Beamline length: <50 m cylinder moderator (shorter with tube moderator)

e Spatial resolution: 3—55 um

e Temporal resolution: 500 ms—1 min (faster dynamics captured with
stroboscopic imaging)

e Sample size: millimeters to tens of centimeters

o Bandwidth: AA =8 A

« Modulation of intensity with zero effort (MIEZE) Q-range: 0.0005-2 A1

e MIEZE time range: 0.1 ps—50 ns

e Bragg Edge Imaging with dA/A = 0.3%

e Sample environments for practical conditions and geometries

e Beamline elevator system for changing optics between nGl, MIEZE, and
potential future Wolter mirror setups

Unique, enabling capabilities of STS

¢ High flux of cold neutrons for dynamic events

¢ Pulsed source for novel wavelength-dependent imaging

¢ Wide bandwidth accesses unavailable regimes

e Sharp pulse provides enhanced Q and time resolution in MIEZE mode

¢ High brightness of cold neutrons (large structures)

¢ High flux for spatially resolved dynamics of imaging-guided selectivity
(and lower contrast systems)

e Pulsed beam for kinetically evolved dynamics
Grand Challenge 3: Accurate digital twins to accelerate discovery, development, and deployment of new materials
Grand Challenge 4: Engineering material life cycles for a materials economy that mitigates materials criticality issues
Grand Challenge 5: Energy and catalysts (durability and phase transformation)
Grand Challenge 7: Understanding dynamics in nonequilibrium systems (e.g., materials under flow, electric field gradients, and orthogonal stimuli)

Grand Challenge 8: Mastering hierarchical assembly and multiscale design (e.g., complex polymeric systems, hybrid materials, and additive manufacturing)

Key experiments |

¢ Neutron grating interferometry: Stroboscopic imaging of pressure waves during
fluid infiltration, degradation of active materials in sodium-ion batteries,
polymer shear under flow conditions (in situ rheology of complex fluids)

¢ Inelastic neutron scattering: Degradation of electrolytes in sodium-ion batteries

o MIEZE/neutron spin echo: Mixed ionic—electronic conductor polymer chain
relaxations with electric field switching, polymer dynamics under cyclic tensile
stress, relaxation and curing in additive manufacturing of composite materials

¢ Bragg edge imaging: Phase transformation/chemo-mechanics in solid-state
batteries, in situ WTe2 solidification, nucleation/precipitation

Unique, world-leading capabilities

¢ First-of-a-kind imaging instrument with neutron spin echo/MIEZE capabilities
enabling spatially resolved dynamics of heterogeneous materials under in situ
and operando conditions

¢ Fast hyperspectral cold neutron imaging with wide wavelength Bragg edge
imaging capability

¢ Dynamic multiscale measurements spanning crystallographic to device scales

Science areas served

¢ Materials Science & Engineering
e Chemistry & Catalysis

o Soft Matter & Polymers

HITER,
ATy,
o
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Materials Oscilloscope

Capability need
¢ Allows in situ thermal/mechanical testing

e Enables full tensorial residual stress for metals and low symmetry
materials

¢ Rapid measurement of transient properties

e Measures microstructure and its evolution in reciprocal space
e Determines grain breaking and recovery/recrystallization
Technical features

¢ Highly pixelated detectors arranged in 3/4 sphere to capture wide

Q-range

¢ Small-Q neutron scattering option

¢ Correlation chopper for spectrometry

e Beamline length: 75 m, tube moderator

e Beam spot size: 100 ym to 5 mm diameter

e Sample size: 1 mm-50 cm length scale

e Arange: 1-20 A (3.5 Aband @ 15 Hz, 7 A band @ 7.5 Hz)

e Sample environment: 1.5 m diameter to fit load frame, Gleeble
e Overhead crane

e Detector coverage: 3/4 sphere

Unique, enabling capabilities of STS

¢ Long wavelength (for low symmetry phases)

¢ High flux for residual stress measurements

e Small beam high flux for single-grain reflections

¢ Long wavelength for high resolution in near-backscattering

detectors for both length of Q and orientation

Grand Challenge 3: Digital twin and discovery, development, deployment (advanced alloy processing)
Grand Challenge 4: Materials life cycle (resource recovery, durability/damage prediction, materials in extreme environments)
Grand Challenge 5: Energy and catalysts (solid state) in realistic environments (durability, thermal and voltage cycling)

Key experiments

¢ In situ measurement of solidification in alloys (grain orientation, stress fields, phase
transformations)

¢ Grain reorientation during heating and/or loading

¢ Residual stress in ceramic systems

e Phase transformation during cycling (e.g., thermal, load, potential)

Unique, world-leading capabilities

e Covers the wider Q-range than any existing or planned instrument

e Tracks grain reorientations in 2D and measures scattering vector length in real time

¢ Multimodal reciprocal space information: crystallographic structure, subgrain, single
grain, powder averaged both for powder diffraction profiles, texture analysis, and
strain states

¢ Real-time data visualization in various section spaces such as filling pole figures,
powder diffraction evolution, orientation-time-plots, Al reconstruction to
microstructures

¢ Al interpretation of processes occurring in crystallites: transformation, grain breaking,
grain recovery, grain growth, determination of slip systems and twinning, grain growth
mechanisms—grain coalescence vs. grain boundary migration

Science areas served
e Materials Science & Engineering

HITER,
ATy,
o
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Multiscale W — VSANS with Combined Imaging

Capability need
e Simultaneously wide Q coverage from SANS to diffraction for
hierarchical, heterogenous and disordered samples
Capturing in situ/operando process in subsecond time resolution
Flow SANS with region-of-interest mapping and time-resolved
measurements
e Nonequilibrium flow and battery slurry processing
o Drug delivery, membrane interactions, and in operando
biotechnology
e Small-sample protein, peptide, and drug screening
e Hierarchical structure, self-assembly, colloids, field-driven
assembly, and porous electrodes
Technical features
e Correlation chopper removes inelastic from elastic scattering
e Wide simultaneous detector coverage, fixed detector position in
windowpane configuration
¢ High-resolution detector to improve instrumental resolution
e Variable collimation and changeable optics to achieve different
flux—resolution combinations
e Typical sample size: 5 mm to 10 mm in diameter; minimum beam
footprint 1 mm x 1 mm for raster scanning
e Convenient sample area access for wide range of sample
environment and fast equipment switch
e Min Q for SANS = 0.001 A~'; for vSANS setup = 0.0004 A-!
e Simultaneous Q-vectors in SANS (e.g., 0.003—20 A1)
e Det backscattering: 1-20 A~ with dg/Q = 5 x 1072
Det high angle: 0.2-5 A-1with dg/Q = 5 x 102
¢ Imaging mode: nGl or radiography with 5 pm resolution with
3cmx 3 cmFOV

Unique, enabling capabilities of STS

¢ Brightness from the STS tube moderator permits fast
measurements (e.g., single pulse)

¢ Compact tube moderator permits small beam-sizes with small
samples and compact neutron optics

e Simultaneous length scales including very low Q are enabled by

large bandwidth of cold neutrons (high flux at long wavelengths

Alignment with DOE mission

Key experiments

e Flow SANS with region of interest mapping and measurement

¢ Time-resolved measurements to enable constitutive equations far from equilibrium,
predict flow behavior of battery slurries printed miles per day, monitor cellular uptake
of drugs in real time, monitor protein binding to membranes, perform high-throughput
drug formulation screening, perform in operando biotech operations, form
condensates from intrinsically disordered proteins

e Smaller samples for protein complex formation and peptide and drug screening

e Hierarchical structure for whole-cell studies, self-assembly of soft matter across
multiple length scales, colloidal interactions and gelation, electric fields, magnetic
fields, field-driven assembly, gradient and fine resolution structure, porous electrodes
for electrochemical transformations

Unique, world-leading capabilities

o World-leading WANS, SANS and VSANS capabilities—grows user base domestically
and internationally; Word's fastest neutron measurements across SANS length scales,
10% to 100x faster than existing instruments

¢ Best-in-class spatially resolved SANS + imaging instrument: largest Q-range
measured on a single neutron instrument in the world (5+ decades in size: sub-A to
pum with scattering, 8 decades with imaging)

e Measurements across multiple domains

e Complements capability at EQ-SANS (thermal neutrons) and HFIR (reactor suite not
as bright, suitable for very low Q, and static experiment)—cannot go as fast or as
small as existing instruments

¢ Highest productivity SANS beamline in the world on Day 1

Science areas served
e Materials Sciences & Engineering
e Chemistry & Catalysis

Grand Challenge 7: Understanding dynamics in nonequilibrium systems (e.g., materials under flow, electric field gradients, and orthogonal stimuli)

Grand Challenge 8: Mastering hierarchical assembly and multiscale design (e.g., complex polymeric systems, hybrid materials, and additive manufacturing)
Grand Challenge 9: Understanding and engineering the principles of life

Grand Challenge 10: Understanding the molecular basis of health, aging, and wellbeing

HITER,
ATy,
o

Issued June 2026

NEUTRG,
N Azand

% e




SNS STS Grand Challenge Review & Prioritized First Instruments
Macromolecular Crystallography

Capability need Key experiments
¢ Focusing optics o Applications: biomolecular engineering, biocatalyst design, biomedical applications,
o State-of-the-art detectors biofuels, bioremediation, and critical materials harvesting.
e Dynamic nuclear polarization option over T range o Structural targets: photocaged substrates, enzymes, metalloproteins, and photoactive
e Synchronization with triggering modalities proteins.
e Advanced capabilities: time-resolved and serial crystallography.
Add-ons ¢ Representative examples: characterizing protonation states of catalytic intermediates
o Optical triggering capabilities in methane-to-methanol conversion by methane monooxygenase; determining
e Chemical triggering (nanodrop) receptor—ligand interactions in therapeutic G protein-coupled receptors.
e UV-vis spectroscopy
e Lighting control (e.g., photosensitive samples)
¢ Flexible sample injectors
¢ Flexible sample environment

¢ Anaerobic samples

e Humidity control

o Gated temperature control (4 to 298 K)

¢ Unusual stimulation capabilities (e.g., pressure, voltag
Technical features

Unique, world-leading capabilities

e High resolution (dmin: ~1 A) This instrument will close the “how structure leads to function” gap in biochemistry. It

e Unit cell range (10-300 A) uniquely combines unprecedented neutron brightness, high repetition rate, and small-
e Strong signal-to-noise ratio crystal capability to enable routine, high-throughput, damage-free determination of

e Wavelength: 2-5 A hydrogen-resolved protein structures under physiologically relevant conditions. With

« Efficient reciprocal space coverage STS, this instrument will be the only one in the world with “synchrotron-like” capabilities
e Beam size: 0.001—=1 mm2 for neutron macromolecular crystallography—a true game changer.

¢ Single-crystal goniometer
e Robotic crystal handling
Unique, enabling capabilities of STS Science areas served
The following three properties enabled by STS will exponentially ¢ Biological Systems
increase the addressable science cases with neutron crystallography
¢ High-throughput capabilities

¢ The ability to use small crystals

e No need for deuteration
Grand Challenge 2: How do we design and perfect atom- and energy-efficient synthesis of revolutionary new forms of matter with tailored properties?
Grand Challenge 4: How can we master energy and information on the nanoscale to create new technologies with capabilities rivaling those of living things?
Grand Challenge 9: Understanding and engineering the principles of life
Grand Challenge 10: Understanding the molecular basis of health, aging, and wellbeing
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SNS STS Grand Challenge Review & Prioritized First Instruments
Spectro-Diffractometer for Probing Chemical Processes at Multiple Scales

Capability need
e Simultaneous collection of diffraction and inelastic neutron scattering on powders
and polycrystalline samples
e Cross correlated chopper key to energy discrimination
¢ Diffraction data will include total scattering to obtain pair distribution function (PDF)
¢ Ability to obtain large features with SANS (up to 10 nm)
e In situ and operando, single pulse (~100 ms time resolution)
¢ Measurement of vibrational density of states and intramolecular modes
¢ Small beam size to raster across chemical reactors
¢ High neutron penetration for probing operando devices
¢ Al-driven automation for materials discovery on the beamline
e Small-weight samples, thin films, and catalysts grown/prepared on the beamline
e Open sample area, custom operando cells, various stimuli (temperature, pressure,
magnetic and electric fields), complementary techniques (Raman
Technical features
¢ Flight path: 30—40 m
¢ Medium resolution dQ/Q of ~0.15% at the 90° diffraction banks to 15% at the low-
angle detector bank for SANS measurements
¢ For diffraction: Scintillation detectors 2 m from sample with detector bank covering
half of one side at +30° from the horizontal, dQ/Q < 1.0% at the 90° detector
banks, Q-range 0.009-30 A-', lambda range 0.4—6.4 A at 15 HZ
e For inelastic scattering: energy transfer range -2 to 250 meV
e For SANS: Helium-3 detectors in a 2D array, 4 m away
e Cross-correlated chopper for energy discrimination
¢ Open half used for placement of robots, autonomous sampling, sample
environment and multimodal instruments (e.g. X-rays, Raman, UV-vis)
e Beam size: 5 mm x 5 mm
e Sample size range: Several mg of powder, ultrathin films, crystals (e.g., 0.1-10 mg
sample size)
¢ Note: the 0.4 to 6.4 angstrom bandwidth is coupled to the total beamline length (L1
+ L2) and therefore affects the accessible momentum- and energy-transfer ranges.
In particular, the proposed L1 range of 30—40 m is quite broad, and the useful
bandwidth will vary significantly depending on the final selected value.
Unique, enabling capabilities of STS
¢ Hydrogen incoherent scattering via cross-correlation chopper
e |deal for cold neutron source (+flux, +wide bandwidth)
e Time-resolved experiments, operando experiments
Alignment with DOE mission

these properties?

Key experiments

e Tracking atomic rearrangements and local environments in battery
electrodes during cycling (e.g., local structure, atomic disorder in
layered oxide cathodes)

e Separations in porous solids

¢ Halide segregation and impact on dynamics of molecular cations in
hybrid perovskite memristors

e Structural evolution during catalysis

e Surface vs. bulk adsorption in porous materials

e Critical mineral and material separations

e |sotopically-relevant chemical transformation (hydrogenation,
polymerization)

Unique, world-leading capabilities

Only instrument in the world to simultaneously measure diffraction and
spectroscopy on multicomponent samples under real, ambient, and/or
operating conditions.

Science areas served
e Chemistry & Catalysis

STS scientific challenges in CC: Operando measurements on real samples and enabling measurements on hydrogen-rich compositions
Grand Challenge 2: How do we design and perfect atom- and energy-efficient synthesis of revolutionary new forms of matter with tailored properties?
Grand Challenge 3: How do remarkable properties of matter emerge from complex correlations of atomic or electronic constituents and how can we control

Grand Challenge 5: How do we characterize and control matter away—especially very far away—from equilibrium?
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