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ICONE TDR SUMMARY

Summary

ICONE is a project for a new national neutron source aimed at supporting both fundamental and applied research on
matter. The Technical Design phase (TDR) is the stage of the project during which equipment designs, development
plans, and technical solutions are established in line with the requirements defined during the Preliminary Design phase
(APS). The ICONE APD, launched in January 2024 and scheduled to run until the end of 2025, is structured around six core
documents:

1. Science: identification of scientific needs and their translation into high-level project requirements.
Instruments: design of the instruments required to address the defined scientific needs.
Target—Moderator—Reflector (TMR) set: design of the neutron source feeding the instruments.

Linear accelerator: production of the high-intensity proton beam used to generate neutrons.
Infrastructure: definition of hosting, maintenance, and integration of equipment.
Management: structuring of project governance, resources, and planning.

Preliminary versions of these six volumes have been produced, providing a mid-2025 status and totalling several hun-
dred pages of documentation. The APD has made it possible to validate the main technical choices, resolve many tech-
nological challenges, define requirements for the construction phase, and anticipate alternative solutions where needed.

This TDR summary synthesizes the progress of the studies and provides decision-makers at the Ministry of Higher
Education and Research (MESR) with the elements needed to assess the feasibility and relevance of launching the first
phase of the construction of the ICONE facility in early 2026.
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1 INTRODUCTION

Neutron scattering plays a central role in both fundamental and applied research, on par with X-ray diffraction, elec-
tron microscopy or nuclear magnetic resonance. While X-rays provide remarkable sensitivity to electrons and crystallo-
graphic structure, neutrons are unique via their direct interaction with atomic nuclei and magnetic moments. They
therefore enable precise investigations of light elements (H, D, O, etc.), isotopes and magnetic phenomena, while also
offering a high penetration depth in matter. More specifically, neutron provides a unique isotopic contrast, notably be-
tween hydrogen and deuterium, which in physical chemistry constitutes an irreplaceable tool for probing the structure
and dynamics of matter. Owing to these characteristics, neutrons deliver otherwise inaccessible information that is es-
sential for understanding the fundamental properties of matter and for developing new technologies.

These specific advantages make neutron techniques indispensable for addressing major scientific and societal chal-
lenges, such as the development of new energy storage and conversion solutions, the design of lightweight and durable
materials for sustainable transport, the study of quantum and magnetic materials for digital technologies, health-related
applications, and the non-destructive analysis of cultural heritage.

Historically, France has benefited from a model combining a national source, the Orphée reactor in Saclay, and an
European high-flux source, the ILL in Grenoble. This arrangement ensured broad access to instruments for exploratory
research, training and industrial or sovereign applications, while reserving ILL for the most demanding scientific projects.

The shutdown of Orphée in 2019, followed by the planned closure of the ILL by around 2033, will lead to a reduction
of nearly 90% of the French experimental capacity. At that point, the only remaining access will rely on France’s contri-
bution to the European Spallation Source (ESS) under construction in Sweden, implying limited neutron beamtime access
to French users. This situation jeopardises the continuity of national research and the preservation of scientific and tech-
nical expertise in the field.

Recent advances in proton accelerators have paved the way for a new generation of compact sources: HiCANS (High-
Current Accelerator-driven Neutron Sources). These infrastructures are based on a compact low-energy accelerator, a
light-material target and a moderator, making it possible to produce neutron fluxes comparable to those of medium-
scale facilities, with a reduced footprint and significantly lower construction and operating costs.

France possesses major scientific and technological assets to position itself as a leading player in the development of
these new sources. In this context, the CEA and the CNRS are studying the ICONE project, which aims at designing a high-
intensity HiCANS source (Ep ~ 25 MeV — lpeak ~ 80 mA). Like spallation sources, ICONE will use pulsed beams, a technology
that is essential to optimise neutron use and to enable time- and energy-resolved measurements. This facility will achieve
neutron scattering performances comparable to Orphée and will constitute the world’s first high-intensity HiCANS
source. Designed to be modular and scalable, it will offer, from the early 2030s onwards, an initial suite of instruments
accessible to the scientific and industrial community, before becoming a national infrastructure by around 2035.

ICONE addresses three main objectives:

(i) guarantee broad and continuous access to neutrons — an essential analytical technique for many research fields
and a necessary condition for fully leveraging the national investment in the ESS;

(i) maintain and develop the scientific and technological expertise at the highest level in this strategic domain; and

(iii) preserve the French sovereignty by ensuring the availability of an infrastructure meeting sovereign and industrial
needs.

The ICONE project (Figure 1) entered the Detailed Preliminary Design phase (APD in French) in 2024, with completion
scheduled for late 2025 — early 2026. The APD documents are organised in six books covering all project aspects; a
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preliminary version presented in September 2025 reports on their progress. The present document provides a summary
of the main technical documents.

25MeV, 80mA
ACCELERATEUR
DE PROTONS

2ms, 20Hz, 4% DC
CIBLE 1

E INSTRUMENTS

CIBLE 2 HAUT-FLUX
400us, 50Hz, 2% DC

NEUTRONS

ILLUMINATION
SUR 45° o )

DETAILS INSTRUMENTS
D'UNE CIBLE HAUTE-RESOLUTION

Figure 1 : Sketch of the compact national neutron source ICONE, designed with two neutron producing targets, each
associated with an experimental instrument hall. The neutron beams will be delivered as pulses at different
frequencies in each hall, enabling specific experimental requirements to be met: short pulses for high-resolu-

tion experiments and long pulses for high-flux measurements. (https.//www.icone-neutron.fr)

ICONE builds on a strong scientific and technological momentum and on unique, complementary expertise developed
over several decades through major national and international projects and the operation of neutron scattering instru-
mentation. French teams possess all the competencies required to successfully design, build and operate ICONE.

1.1 ICONEFE’s Strengths

The results presented in this technical summary are the outcome of a long process of maturation and qualification,
built on expertise developed and consolidated over several decades within our organisations (CEA and CNRS). Before
presenting the design, it appeared essential to highlight the unprecedented level of maturity reached by the ICONE pro-
ject.

1.1.1 Project management

The CEA and the CNRS have extensive experience in managing large research infrastructure projects (budget, sched-
uling, risk management, procurement). As an example, the two organisations jointly led the construction of the SOLEIL
synchrotron in the early 2000s. They rely on experienced project management teams and on infrastructures enabling
the design and qualification of process components.

The ICONE project team covers the full range of expertise required for neutron-related facilities: the design, the con-
struction and the operation of neutron scattering instruments, as well as the processes needed to produce thermal and
cold neutron beams. The team has built strong experience through major international accelerator-based neutron
source projects (SARAF, IPHI-Neutron, SPIRAL2, ESS, SNS, IFMIF). It should be underlined recalled that the team operated
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the instruments suite of the Orphée reactor until 2019 and currently operates instruments at the ILL and PSI. Its partici-
pation in various technical and scientific committees of European and international neutron sources reflects its world-
wide recognition.

Furthermore, in the field of accelerator-based neutron sources, the team maintains close links with its European
counterparts involved in ESS (Sweden), HBS (Germany) and ARGITU (Spain).

The team responsible for defining ICONE’s scientific case is strongly embedded in the neutron community at both
national and international levels. The project’s maturation relies on continuous dialogue with French users of neutron
scattering techniques, notably through events, round tables and surveys organised by the Société Frangaise de Neu-
tronique (SFN), which brings together around 700 French users, and by the Fédération Frangaise de la Neutronique
(2FDN), which gathers stakeholders who build or operate instruments for the national scientific community.

To further strengthen this dynamic, the team is supported by a Scientific Advisory Board composed of recognised
experts — from chemistry and materials science to biology — from leading universities and national research organisa-
tions. Meeting every six months, this board is tasked with critically reviewing the project and proposing strategic direc-
tions to ensure that ICONE is aligned with the needs of fundamental and applied research in France.

ICONE’s HiICANS (High-Current Accelerator-driven Neutron Source) technology is part of a strong European and inter-
national momentum. In Europe, the ELENA association (European Low Energy accelerator-based Neutron facilities Asso-
ciation) was created in 2020 to foster exchanges between European institutes working on Compact Accelerator-based
Neutron Sources (CANS), including high-power HiCANS projects. LENS (League of European Neutron Sources), ENSA (Eu-
ropean Neutron Scattering Association), and the IAEA — through the Neutrons4NA cooperation with strong CEA involve-
ment — have expressed strong interest and support HICANS developments. These regular interactions — via thematic
meetings or events organised by international associations (such as the HBS meetings or the UCANS conferences) —
provide opportunities to benefit from feedback from other institutes and to anticipate potential challenges. In particular,
close collaborations are maintained between Iramis-LLB, FZJ-JCNS and ESS-Bilbao. In addition, dedicated “HiCANS” ses-
sions are organised at neutron scattering conferences (JDN, ECNS, ICNS, ICANS).

1.1.2 Instruments

The LLB has more than 40 years of experience in operating a broad range of neutron instruments previously installed
on the Orphée reactor. More recently, it has built and currently operates three new instruments installed at the ILL
(SHARP, SAM) and at the PSI (SANS-LLB). In addition, the LLB is involved in the construction of five neutron scattering
instruments for ESS. These recent developments have provided significant expertise in designing instruments adapted
to pulsed neutron sources.

As part of ICONE-related development work at the LLB, instruments have also been installed on existing low-energy
accelerators: a diffractometer (DIOGENE) on the IPHI-Neutrons source in Saclay and a reflectometer (HERMES) at the JNP
(Jalich Neutron Platform). These two test instruments have provided valuable feedback for integrating instruments
around CANS, particularly on key issues such as background management, shielding, material activation and time-of-
flight data acquisition electronics.

1.1.3 Targets/Moderators

At the CEA, close collaboration between Iramis (LLB) and Irfu has been ongoing for around a decade on proton-to-
neutron conversion targets, within the framework of the SPIRAL2, the IPHI-Neutron and the ICONE projects. This coop-
eration represents a key asset for the development of HiCANS.

A critical issue for ICONE concerns the resilience of light-element targets used to convert protons into neutrons. As
part of the IPHI-Neutron SESAME project funded by the le-de-France Region, teams from Iramis (LLB) and Irfu designed
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and tested a beryllium alloy target on the High-Intensity Proton Injector (IPHI, 3 MeV) in Saclay. These tests validated
both the mechanical robustness of the target and the required characterisation technologies (thermal and optical) under
conditions close to those foreseen at ICONE.

In parallel, in-depth expertise in neutron moderation has been developed, notably through the development of the
TOUCAN code and cross-modelling using the TRIPOLI, GEANT4, MCNP and OpenMC codes, experimentally validated on
the IPHI-Neutrons facility with beryllium targets. For cold-neutron moderation using liquid para-hydrogen, the ICONE
project can rely on developments carried out at Irfu for PRES-PEC, MINOS and COCOTIER. These systems, already in
operation at various nuclear physics facilities, constitute a proven technology that can be transferred directly without
technological or regulatory risk. Finally, the CONEMO prototype for the production and circulation of cryogenic fluids,
qualified at LLB, further strengthens this expertise by ensuring full control of cold-neutron moderation cells.

1.1.4 Linear Accelerator (LINAC)

Irfu has been developing components for high-intensity light-ion accelerators for nearly 30 years across various pro-
jects, with the IPHI facility at Saclay serving as a continuous reference framework:

- Numerical simulation: the TraceWin code, developed in-house and distributed to more than 150 research organ-
isations worldwide, is now regarded as the reference tool in the field of high-intensity linear accelerators.

- Proton source: the SILHI source at IPHI delivered its first high-intensity beams as early as the late 1990s. Since
then, new sources have been developed to meet the needs of the SPIRAL2 (GANIL, France), FAIR (Darmstadt,
Germany) and IFMIF-EVEDA (Japan) projects. A more compact and simplified prototype has been designed for
ICONE.

- High-intensity RFQ: built in the 2000s, the IPHI RFQ (Radio Frequency Quadrupole) served as the basis for the
RFQs of the SPIRAL2 (GANIL, France), ESS (Lund, Sweden) and LINAC4 (CERN) projects. The ICONE RFQ is an evo-
lution of the ESS RFQ.

- RF cavities and quadrupoles: Irfu and its Italian partner INFN have developed cavities for numerous projects, in-
cluding copper cavities (SPIRAL2, ESS, SARAF), as foreseen for ICONE. A prototype cavity has been manufactured
and will be coupled with permanent quadrupoles, with one prototype already built.

- Beam diagnostics: in collaboration with LPSC (Laboratoire de Physique Subatomique et de Cosmologie, CNRS Nu-
clear and Particle Physics), Irfu has developed numerous beam diagnostics, essential for tuning the ICONE linac.

- Control systems: a control-system standard implemented for ESS, SPIRAL2, IPHI-Neutron and SARAF can be di-
rectly applied to ICONE.

- Commissioning: Irfu has led or contributed to the commissioning of many machines comparable to ICONE, such
as SPIRAL2, SARAF, LINAC4 and IFMIF.

1.1.5 Infrastructure

The success of the ICONE project relies on a thorough assessment of process requirements from the preliminary de-
sign phase onwards.

The management team, drawing on extensive experience, has a strong command of these processes, supported by
work carried out on major research infrastructures such as ORPHEE, ILL, IPHI and SATURNE.

The team also benefits from the oversight of an infrastructure manager with exceptional experience in delivering
large-scale industrial and nuclear facilities, notably the Georges Besse, Comurhex, URT and Melox plants operated by
Orano.
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The project will build on the expertise of CEA’s internal engineering departments, in particular:

- DSST (Scientific and Technical Support Department): management of interfaces with existing site installations.
- DIMP (Engineering and Projects Management Department): project management for large-scale infrastructures.
- SPR (Radiation Protection Department): expertise for facilities producing ionising radiation.

The project team, representing the project ownership (CEA and CNRS), will also rely on an experienced external prime
contractor for engineering, architectural design and overall works management. This contractor will implement a BIM
(Building Information Modelling) approach to ensure efficiency and precision throughout the construction phase.

2 SCIENCE WITH ICONE (BOOK 1)

2.1 Introduction

For decades, France has played a leading role in the field of neutron science, supported by a strong scientific commu-
nity, a unique expertise within the national structures of the CEA and the CNRS (ranging from accelerators to neutron
scattering instruments), and an active participation in major European facilities such as the Laue-Langevin Institute (ILL)
and the future European Spallation Source (ESS) in Sweden. However, this landscape is evolving rapidly: the closure of
national facilities and the overall decline in the number of available neutron scattering instruments threaten national
capabilities in research, training and responsiveness to industrial needs. In this context, the ICONE project offers an ef-
fective and forward-looking response by implementing a new generation of compact and modular neutron sources
that are environmentally friendly, compliant with public health regulations, and economically competitive.

ICONE is a French research infrastructure project aimed at providing the scientific and industrial community with a
neutron source for the study of condensed matter using neutron scattering techniques. It is a HICANS-type facility (“High-
Current Accelerator-driven Neutron Source”). ICONE would be the world’s first demonstrator of this innovative tech-
nology.

The operating principle is based on the acceleration of low-energy, high-intensity protons (25 MeV, 80 mA) using a
compact linear accelerator (linac). The protons are directed onto a target where low-energy nuclear reactions occur,
releasing neutrons. The resulting neutron flux is moderated and delivered to experimental instruments for materials
analysis. The compactness of the ICONE facility stems from innovative technological choices that limit its footprint to
approximately 70 by 70 meters. This design enables optimized integration into its environment while offering perfor-
mances comparable to major European neutron infrastructures such as PSI in Switzerland, ISIS in the United Kingdom, or
LLB-Orphée in France until 2019. ICONE’s efficiency relies on a fully integrated design of the accelerator, target, and
instruments, making it possible to achieve high performance at controlled cost. Its operational flexibility arises from its
technical architecture, the envisioned operating model, and its ease of access: ICONE, currently under regulatory review,
is not expected to be classified as an Installation Nucléaire de Base (INB).
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Figure 2 : The network of collaborators involved in the ICONE project spreads across more than 20 laboratories.
https://www.icone-neutron.fr

This approach will ensure rapid adaptation to emerging scientific challenges, while simplified access to instruments
will enable researchers to carry out experiments more quickly, thereby strengthening responsiveness and agility in sci-
entific investigations.

Based on the ICONE White Paper published in July 2023, the detailed preliminary design (APD — Avant-Projet Détaillé)
of the ICONE project started in 2024 and has been developed through exchanges with the national community (e.g., SFN
— Société Frangaise de la Neutronique, 2FDN — Fédération Frangaise de Diffusion Neutronique) and by following the rec-
ommendations issued by the ICONE Scientific Advisory Board. The board is composed of several scientific experts, each
representing key areas of the French neutron scattering community and providing complementary expertise in related
experimental techniques. This committee advises on the strategic orientation of research areas, the development of
skills, and the neutron scattering activities to be carried out within the facility. It also contributes to establishing scientific
partnerships and aligning the facility’s roadmap with national and European research priorities. The Scientific Advisory
Board has also evaluated projects within the framework of the ICONE collaborative call for proposals launched in 2024,
aimed at increasing community involvement and which initiated a network of collaborators working on the project (Fig-
ure 2).

This first phase of the detailed preliminary design has helped refine the scientific and technical requirements of the
ICONE infrastructure, which is intended to meet the multiple expectations of the national community. ICONE therefore
aims to offer strong experimental capabilities in terms of resolution and flux, simple and rapid access thanks to its flexi-
bility and adaptability, as well as in-depth training for young scientists. In addition, ICONE will provide the expertise re-
quired to access experiments at very high-brightness sources such as ESS and ILL. By offering a unique platform dedicated
to neutron scattering and complementary techniques, ICONE will place French research and industry in a privileged po-
sition. To date, ICONE is among the most advanced HiCANS projects at the European level, as demonstrated by the de-
velopments achieved over the past decade. In the long term, ICONE could play an important role in the European scientific
landscape, especially as this technology is expected to expand rapidly at the international level.

2.2 The scientific Advisory Board

As described in the White Paper published and circulated in 2023, neutron scattering is nowadays an essential tool
for science and innovation, particularly well suited to exploring the structure, dynamics, and functionalities of materials
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across different time and length scales. Owing to their unique properties — sensitivity to light elements such as hydrogen,
magnetic interactions, the ability to probe atomic and molecular dynamics, and strong penetration power without alter-
ing samples — neutrons provide information that is inaccessible by other techniques. Inelastic neutron scattering tech-
niques make it possible to investigate matter dynamics over time or energy ranges and length scales that cannot be
reached by inelastic scattering of X-rays or optical photons, by NMR, or by dielectric techniques. Probing nanostructures
or aggregates within bulk materials is only possible using small-angle neutron scattering, since techniques based on X-
rays or electron beams are generally limited to sample surfaces, for example non-destructive radiography of the contents
of sealed ancient jars is only possible using neutron imaging.

The use of neutrons is therefore crucial for matter and materials science in the broadest sense. It spans the full range
of scientific and technological fields, from the fundamental understanding of matter structure and dynamics to major
challenges in energy, health, climate, the environment and new digital technologies. It also addresses national industrial
needs — including those related to sovereign or strategic sectors. A few examples in which neutron scattering techniques
are indispensable include:

e The study of soft matter and complex systems, ranging from health-related applications to macromolecules
and nanostructures. For example, small-angle neutron scattering is an essential technique in the field of
nanocomposite materials because of the unique isotopic contrast provided by neutrons. Developing new
drug-delivery technologies requires investigating the encapsulation properties of active compounds using
small-angle neutron scattering techniques.

e Theresearch on innovative materials, whether concerning their chemistry, magnetic or quantum properties,
or potential applications in the digital field. Characterizing new quantum states of matter (fractional excita-
tions, Higgs modes, skyrmion lattices) requires inelastic neutron scattering to probe the relevant quantum
excitations, taking advantage of the direct interaction between neutrons and the magnetic moments of mat-
ter.

e In the field of energy, developing new materials for energy storage relies on operando monitoring of the
chemical processes occurring inside a functioning battery, made possible by the high penetration power of
neutrons. Understanding complex diffusion mechanisms in electrolytes through quasi-elastic neutron scat-
tering leads to new concepts that improve the efficiency of batteries or fuel cells. Determining hydrogen
storage capacity in materials and understanding hydrogen insertion and extraction mechanisms can be
achieved through in situ neutron diffraction, thanks to the unmatched sensitivity and discrimination between
hydrogen atoms and metals.

e Inthe field of cultural heritage. Understanding our cultural legacy through the study of metalworking tech-
niques or the analysis of large antique objects without damaging them relies on neutron diffraction texture
analysis as well as neutron imaging.

e In the field of climate and the environment. Understanding the mechanisms of formation and decomposi-
tion of gas hydrates, which represent the largest natural reservoir of carbon on Earth, requires studying their
structural properties and molecular interactions — accessible through neutron diffraction or inelastic neu-
tron scattering — which are the techniques of choice for these hydrogen-rich systems.

e In the field of defense, quality control of pyrotechnic components is essential for this industrial sector and
can be effectively carried out using neutron radiography.

e Inthe nuclear field, developing and qualifying nuclear-grade materials requires a thorough understanding of
the microstructural mechanisms responsible for the gradual degradation of their thermomechanical proper-
ties. In this area, neutron scattering plays an irreplaceable role. For example, in reactor primary circuit steels,
the magnetic contrast provided by neutrons has made it possible to determine with high precision the size
and fraction of nanometric features (precipitate clusters, defects, helium bubbles, etc.) responsible for ma-
terial ageing. Likewise, in zirconium alloys used for fuel cladding, neutron imaging techniques have directly
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revealed embrittlement and cracking processes, providing unique and complementary information to that
obtained by conventional methods (X-rays, TEM, etc.).

Today, around 300 neutron scattering instruments are available worldwide to academic and industrial users through
open-access infrastructures (“user facilities,” see Figure 3). Until recently, Europe accounted for more than half of the
neutron scattering instruments available worldwide. However, since 2019, the shutdown of three major national sources
— Orphée (France), BER Il (Berlin), and JEEP Il (Norway) — has reversed this trend, the more so as new sources and
upgrades are emerging in Asia and the Americas.

In Europe, alongside the continuous source at ILL (in operation since 1970), construction of the European Spallation
Source (ESS), the most powerful next-generation spallation source, is underway. Nevertheless, the number of operational
national sources has decreased significantly and is now limited to MLZ-FRM Il in Germany (currently shut down), ISIS in
the United Kingdom, and PSI in Switzerland.

The situation in Asia is evolving very rapidly, with the commissioning of new sources in China such as the CSNS spall-
ation source and the CARR reactor, as well as the emergence of new facility projects and refurbishment programs. The
United States has also made significant recent investments, including the construction of the SNS spallation source at
Oak Ridge and the modernization of instruments at the HFIR reactor, also at Oak Ridge. In addition, a project to build a
second target station at SNS is under study to double the number of instruments, alongside a modernization program for
the NIST reactor in Washington.

In South America, a new research reactor is expected to enter service in Argentina by 2026, and Brazil has also ex-
pressed interest in building a research reactor.
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Figure 3 : Evolution over the 2015-2035 period of the number of neutron scattering instruments accessible to the
scientific community at sources operating as open-access infrastructures (“user facilities”). In yellow: number
of French instruments (including France’s participation in the ILL (25% of available capacity), assuming a shut-
down at the end of 2033, and in the ESS, assuming a 15% participation in operations with 15 instruments). In
blue: instruments provided by other European countries, including 75% of the ILL instrument suite. In red and
green: contributions from sources located on the American and Asian continents, respectively. In the 2000s, the
French instrument suite accounted for 13% of the global total. By 2035, its share is expected to fall to just 1%
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Materials Sciences

of the global offering. The contribution of other European countries is projected to decline (—17%), while instru-
ment availability in the Americas and Asia is expected to increase significantly (+46% and +90%, respectively).

In Europe, the current model is based on a network of national neutron sources, each running its own research pro-
grams. In 2019, Europe had 12 operational neutron sources, including 10 research reactors. According to a recent study
conducted within the BrightnESS? project, around 150 instruments were in operation at these facilities, enabling nearly
4,800 experiments to be carried out each year. These national sources have naturally formed a coordinated European
network, with 30-40% of users at each facility coming from other European countries. Nearly 5,800 researchers use
neutrons in Europe, representing about half of the global scientific community in this field and more than half of the
world’s scientific output?. These national research programs foster an active and highly skilled scientific community, ca-
pable of fully exploiting leading and world-class European facilities such as the ILL and the ESS. Beam time is allocated to
research groups with high-level expertise, who benefit from the outstanding performance of these infrastructures. This
model has enabled Europe to maintain its leadership in neutron scattering for several decades, and Europe intends to
remain a global leader in neutron scattering techniques serving both fundamental and technological research.
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Figure 4 : Neutron scattering infrastructures in Europe. In red and blue: facilities with, respectively, large and small ca-
pacities for hosting external users; in grey: facilities reserved for local use only. (X) indicates sources that have

1 NEUTRON USERS IN EUROPE: Facility-Based Insights and Scientific Trends (2018)
27, Gutberlet et al, Neutron News 29(2) (2018) 18-24. Do neutrons publish? A neutron publication survey, 2005-2015
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ceased operation. By the 2030s, the ESS, currently under construction in Sweden, is expected to reach perfor-
mance levels exceeding those of the ILL (adapted from [3]).

However, with the exception of the FRM Il reactor at MLZ in Garching, Germany, these reactors were commissioned
in the 20th century, now raising the crucial issue of their replacement. It is worth recalling the 2019 shutdown of three
reactors used for neutron scattering: Orphée, BER II, and JEEP II.

Europe is therefore facing a marked reduction in its capabilities. If the shutdown of the High Flux Reactor (HFR) at the
Institut Laue-Langevin (ILL) in Grenoble occurs as planned in 2033, only four major or medium-scale sources will remain
to meet neutron scattering needs: ESS in Sweden, ISIS in the United Kingdom, FRM Il in Germany, and SINQ at PSI in
Switzerland (see Figure 4). Complementary projects are under planning, notably a new spallation source, ISIS-II, in the
United Kingdom and the construction of a new instrument hall at PSI.

In light of the announced reduction in neutron capacity in Europe, the development of new solutions has become
essential to meet the needs of the scientific community. In this context, HICANS (High Current Accelerator-driven Neutron
Sources) projects offer a particularly relevant alternative: they require more moderate investments than reactors or large
spallation sources, while still being able to deliver performances suited to a wide range of applications.

These infrastructures could both provide complementary access to major international facilities (ESS and ILL) and
serve as a strategic lever for scientific training and for preserving technological sovereignty in key fields.

At the European level, the ELENA association (European Low Energy accelerator-based Neutron facilities Association)
was created in 2020 to promote cooperation among European laboratories developing low-energy accelerator-based
neutron sources such as HiCANS.

To date, several countries have launched their own HiCANS projects. The most advanced European projects, alongside
ICONE, are:

¢ ARGITU (32 mA, 31.5 MeV proton beam) in Spain — a project whose first phase at 3 MeV will be comparable to the
IPHI-neutron initiative successfully carried out by the LLB-Irfu teams at the Saclay site in the late 2010s. To date, this first
phase (with a 3 MeV proton beam) is under construction.

¢ HBS — High-Brilliance Source (100 mA, 70 MeV proton beam) in Germany — an infrastructure (ultimately) positioned
midway between HiCANS sources and spallation sources, due to its target technology and beam energy. This project, in
a lower-power demonstration phase (100 mA, 20 MeV proton beam), has been selected in the German Federal Ministry
of Education and Research (BMBF) roadmap for research infrastructures. The detailed preliminary design (APD) for this
phase has not yet been finalized.

3 Neutron Science in Europe, LENS Vision document (2022).
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Figure 5 : Evolution of the number of French users as a function of the number of instrument-days available over the
past decade. A user is here defined as a co-author of a neutron scattering publication from a French labora-
tory. In the case of the ILL, only articles with at least two French affiliations are taken into account.

France represents a particular case. The scientific value of neutron scattering and the richness of the French research
ecosystem have enabled the development of a multidisciplinary community of excellence, comprising nearly 1,200 users
with recognized expertise (Figure 5). In recent years, more than 300 French laboratories have carried out experiments
using neutron scattering facilities located in France. Unfortunately, this community is now in decline due to the loss of
access to instruments for French users. In the long term, France’s trajectory clearly diverges from that of other countries:
without the construction of ICONE, the French instrument suite, which accounted for 13% of the global total between
2000 and 2010, is expected to fall to just 1% by 2035 (Figure 3).

2.3 High Level Requirement of the ICONE project

ICONE will be designed to meet a broad range of scientific and industrial needs through a user-oriented infrastructure
offering a comprehensive scientific environment, with unique and high-performance instruments, complementary tech-
niques, a training unit, and an industrial liaison unit. It will aim to provide both increased user capacity (routine access
for a wide range of users) and new technical capabilities (state-of-the-art instruments for high-level research), covering
the full spectrum of the community needs. The scientific and strategic objectives of the infrastructure will be aligned with
its construction schedule, planned in two phases. The infrastructure development plan is intended to ensure efficient
implementation of the first construction phase, while optimizing its operation in parallel with the construction of Phase
2:

e Phase 1 (2026-2034): This first phase will be dedicated to the technical and scientific demonstration of the
neutron source through an initial target and a first suite of high-performance instruments (five instruments and
one test beamline). Following the qualification phase under neutron beam, these instruments will be made
available to the scientific community and to industry, relying on existing support services for office facilities, user
reception, laboratories, and workshops.

e Phase 2 (2032-2037): This second stage will involve the construction of the second target, completion of the
planned instrument suite (10 instruments and 2 test beamlines), as well as the full deployment of user support
infrastructure (office space, laboratories, and workshops). At the end of this phase, the entire ICONE facility will
be fully operational and open to the whole neutron-scattering community.
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Building on the expertise developed by the CEA and the CNRS over more than a decade in accelerators, targets, and

neutron instrumentation, as well as on the expectations and needs of the community, the ICONE project pursues the

following strategic and scientific objectives:

Maintain France’s scientific competitiveness in the fields of physics, chemistry, biophysics, and major societal
challenges, in line with national acceleration strategies such as: decarbonized hydrogen, recycling and
reintegration of recycled materials, bio-based products and sustainable fuels, quantum technologies, artificial
intelligence, sustainable and health-promoting food, industrial decarbonization, and advanced technologies for
energy systems.

Provide rapid and flexible access to high-performance instruments for academic and industrial communities,
with a turnaround time of less than one month for certain measurements.

Help structure the European landscape by preparing experiments for the ESS and by carrying out projects that
do not require maximum brightness.
Train a new generation of researchers at two levels:

o specialists in neutron techniques, involved in the development of sources, instrumentation, and analysis
methods;

o users from a wide range of disciplines, capable of using neutrons as a major tool for the study of matter and

materials.

Deploy a sustainable and exportable technology, without relying on nuclear reactors, thereby strengthening
national scientific and industrial sovereignty.

The functional specifications of the ICONE infrastructure will be defined to ensure optimal scientific performance,

strong adaptability to user needs, and openness to industry:

A stable, pulsed neutron source, with an availability exceeding 90% from the first phase onward and over 200
operating days per year.

A suite of high-performance instruments (Figure 6) addressing scientific needs:

o 5 instruments in Phase 1, open to users from 2034: diffraction (PRESTO), small-angle scattering
(LAMBDA), spectroscopy (FANTASTIC), reflectometry (REFLEX), imaging (IMAGING).

o 5 additional instruments in Phase 2, covering advanced areas such as high-resolution spectroscopy
(PULSE), elemental analysis (PGAA), and high-resolution diffraction (PRECIS).

o 2 versatile test beamlines (Lite-HR, Lite-HF) for experiment preparation, instrument development, and
exploratory work for industrial needs.

Enhanced user capacity: more than 300 experiments per year after Phase 2, 600 researchers hosted annually
(including expert and occasional users, students, and industrial users), and 50 young scientists trained each year.

A dedicated industrial interface enabling priority access, targeted services, and collaborative R&D projects with
companies (L'Oréal, Michelin, TotalEnergies, Dassault, EDF, etc.).

A unique scientific environment combining innovative sample environments (including temperature, pressure,
humidity, and levitation control, as well as coupled measurements such as rheology, light scattering, Raman
spectroscopy, and photo-magnetism setups), high-performance and accessible data processing (notably via Al),
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and on-site access to complementary techniques, enabling optimal and integrated use of neutron scattering
experiments.

e Facilitated access to an integrated infrastructure, compliant with public health regulations but not classified as
an Installation Nucléaire de Base (INB), offering on a single site, chemistry laboratories and complementary
techniques, with nearby accommodation solutions as well as practical and secure accessibility. A flexible
scientific access model will be implemented, with 85% of the operation time allocated to users based on
excellence criteria:

o Proposal-based access (55-60%): Three calls for proposals will be organized each year, evaluated by

specialized committees.

A specific annual call will be dedicated to collaborative projects: these will bring together a consortium
on a given theme for a fixed duration (36-48 months), with beam time potentially distributed across
several instruments. These projects will be subject to mid-term and final evaluation by the Scientific
Advisory Board.

o Fast access (20%): Time dedicated primarily to industrial requests and to academic “urgent” needs.
Monthly selection by the management team and the industrial liaison manager.

o Training access (5-10%): One call for proposals per year will be dedicated to access requests for training
purposes (university or school practical sessions, thematic schools, continuing education). Selection will
be carried out by an “education” committee composed of external experts from universities, higher-
education institutions, and national research organizations, as well as ICONE internal staff.

o Internal time (15%): Unallocated beam time will be reserved for in-house research by ICONE staff and
for instrument development and testing activities. It will be managed by beamline scientists in
coordination with ICONE management.
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Figure 6 : Planned instrument suite at ICONE. /t is organized into four major categories: diffraction, large-scale struc-
tures, spectroscopy, materials and engineering. The LITE HR (high resolution) and LITE HF (high flux) test beam-
lines are intended for pilot experiments. The main scientific field covered by each instrument is illustrated by
the pictograms.
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3

3.1

ICONE INSTRUMENTS (BOOK 2)

Introduction

The primary function of the instruments is to provide users with a neutron beam enabling them to obtain relevant

information on one or more material properties. At ICONE, 12 instrument positions are planned, distributed across two

different target/moderator/reflector (TMR) assemblies.

Each instrument consists of six sub-systems fulfilling the following functions:

Neutron transport: neutron guides carry useful neutrons from the source to the sample while maximizing the
brilliance transfer.

Beam shaping: these elements filter the incident beam to define, at sample position, the optimal resolution, wave-
length range, divergence, and beam size. They also ensure the suppression/filtering of unwanted neutrons to min-
imize background.

Sample environment: preparation and conditioning equipment allowing samples to be analysed under user-de-
fined external conditions (temperature, pressure, magnetic field, humidity, strain, ...).

Neutron detectors: devices that collects neutrons scattered by the sample or its environment.

Data reduction pipeline: suite of automated tools that filter and transform the raw signal into physical information
relevant to the user.

Radiation shielding: structures housing the instrumental components and ensuring protection of the external en-
vironment against ionizing radiation during both operation and maintenance.

An instrument can be schematically represented as showed on Figure 7.
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Figure 7: Schematic functional diagram of an instrument.

Neutron instruments make it possible to explore material properties across different spatial and temporal scales:

Small-scale structures (typically 0.1-100 A): neutron experiments enable the determination of atomic positions
and the orientation of magnetic moments in single-crystal or polycrystalline systems, as well as their dynamics.
This is a powerful tool for analysing atomic (chemical and magnetic) organization in multiphase compounds and
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alloys. These measurements, including crystallographic texture and macrostrains analyses, are mainly carried out
on diffractometers.

Large-scale structures (= 10-1000 A) analyses focus on the organization of atomic groupings, clusters, domains or
magnetic assemblies, thin films, or aggregates in polymers and biological materials. These measurements are per-
formed using reflectometers and small-angle neutron scattering instruments (SANS), enabling the characterization
of the shape, size, and orientation of these intermediate-scale structures.

Macroscopic structures (typically 10 pum-10 cm): neutron radiation allows the study of material structure and
composition at the assembly scale. Methods include neutron imaging and neutron activation analysis (NAA or
PGAA — Prompt Gamma Neutron Activation Analysis).

Molecular or magnetic excitations and relaxations (0-100 meV) studies address dynamics within and between
atoms or molecules by measuring the characteristic energies of excitations or their relaxation or diffusion times.
These measurements are performed on inelastic and/or quasi-elastic spectrometers.

The final instrument suite will include 12 instruments. For comparison, 25 instruments were available at Orphée, 30
are available at the ILL, and ESS will start with 15 instruments in 2027, with an increase to 22 at the 2040 horizon. The
instruments at ICONE will be distributed across two experimental halls. These two halls will provide measurement con-

figurations tailored to the specific needs of the instruments and research topics, notably by distinguishing neutron pulse

durations and frequencies. The so-called high-flux (HF) hall will deliver pulses of about 2 ms with a maximum duty cycle

of 4% at a frequency of 20 Hz. The high-resolution (HR) hall is designed to host long instruments, a necessary condition

for improving instrumental time resolution. High resolution also relies on better neutron energy separation, achieved

through shorter pulses. The HR hall will therefore provide pulses of about 0.4 ms with a maximum duty cycle of 2% at a

frequency of 50 Hz, offering optimal conditions for very high-precision measurements. However, it will initially also be

possible to deliver longer pulses to meet a broader range of experimental needs. In Phase 1, only one hall will be opera-

tional — the one dedicated to high resolution (HR) measurements — with pulses tailored to cover a wide range of scien-

tific requirements. The instrument suite is intended to serve the broadest possible scientific community.

The first six instruments recommended by the Scientific Advisory Board for this first phase are:

PRESTO, a diffractometer of about 40 m using HR pulses in the 0.5-6 A range.

LAMBDA, a SANS instrument of about 20 m using HF pulses in the 2—16 A range.

PREMS, a reflectometer of about 20 m using HF pulses in the 2—16 A range.

IMAGING, a neutron imaging instrument of about 20 m using HF pulses in the 2-16 A range.

FANTASTIC, an indirect-geometry inelastic spectrometer of about 40 m using HR pulses in the 1-5 A range.

LiTe-HF, a versatile test beamline for experiment preparation or for scientific and technological exploratory work.

The instruments envisaged for the second phase will complement those of this first wave and are currently being

defined and discussed within the Scientific Advisory Board; they could include one diffractometer, one SANS instrument,

two spectrometers, one PGAA elemental analysis instrument, and one versatile LiTe-HR test instrument.

Finally, many activities are transversal across all instruments, such as sample environment management, experi-

mental support functions, instrumentation control systems, and data management. Progress achieved in these areas will

be presented at the end of the following section.
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3.2 The design

The design of the Phase 1 instruments is underway and, depending on the instrument, has reached varying levels of
maturity:

PRESTO is finalized and currently serves as a reference for the rest of the instrument suite.

- LAMBDA is in the finalization stage. Based on the designs of PAXY (Orphée) and SAM (ILL), its conception is well
mastered.

- FANTASTIC is under study. Its design started later but is prioritized due to its complexity. Its optimization and
construction lie on the critical path and have therefore led to a dedicated recruitment.

- PREMS is an instrument with a well-mastered design and is straightforward to implement.

- TULIP is an imaging instrument whose definition is supported by a contribution from the Technical University of
Munich (TUM) through the APICONE call for projects.

- LiTe-HF is a test beamline intended for the high-flux experimental hall. Its scientific scope may evolve, notably
depending on the performance of the instrument suite and industrial expectations.

We will focus here on presenting the design of the PRESTO diffractometer, noting that the design approach for the
other instruments follows the same logic.

3.2.1 Reference Design: PRESTO

PRESTO is a versatile, medium-resolution diffractometer. It explores a wide range of materials for crystallographic or
magnetic studies. It is designed to characterize magnetic and crystalline structures with periodicities of up to 100 A.

3.2.1.1 The requirements
The instrument requirements have been defined to ensure optimal performance.

Incident neutron beam requirements: The useful neutron wavelength range extends from 0.8 to 6 A (cold neutrons).
The beam must be homogeneous over an area of 20 x 10 mm?, with an incident divergence of 0.5° x 0.5° at the sample.
An incident polarization device, allowing neutron spins to be oriented for improved magnetic scattering studies, may be
added to the incident beam. In that case, a polarization greater than 97% is required.

Neutron beam-shaping requirements: beam pulse shaping to 400 us; selection of useful neutrons with 99% effi-
ciency; polarization inversion with 99% efficiency; suppression in the incident beam of at least 99.9% of unwanted neu-
trons and gamma radiation (wavelengths outside the useful range) at the sample; suppression in the transmitted or scat-
tered beam of at least 99.9% of ineffective neutrons (those that have not interacted with the sample); and the possibility
to reduce the irradiated area to 2 x 2 mm? with a divergence of 0.1° x 0.1°.

Sample requirements: Positioning accuracy of £0.02 mm and +0.02° over 720°; temperature range from 1.5 K to 600
K; magnetic field range 0 < B < 10 T; pressure range 0 < P < 10 GPa.

Detection requirements: Maximum angular resolution of 0.5°; time-of-flight resolution of 50 ps (0.25%); high sensi-
tivity to useful neutrons; low sensitivity to gamma rays and parasitic neutrons; and an angular detection range between
10° and 140°.

Data processing requirements: Rejection of 99% of ineffective neutrons; long-term storage of raw data for at least
10 years; production of processed signals and/or (depending on the user) standard physical quantities.
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Radiation protection requirements: Reduction of activity generated by the neutron flux from the target during oper-
ation to below 3 puSv/h at 5 m from the source to facilitate maintenance; dose levels below 3 uSv/h during operation at
distances greater than 5 m from the source; no access to the experimental area during operation. Outside the experi-
mental area, the dose must remain below 0.5 puSv/h during operation. When the facility is not operating, the residual
dose in the experimental area must remain below 3 pSv/h.

Sample preparation and experiment control requirements: shared across several instruments (laboratories).

3.2.1.2 The guide

The neutron guide is designed to ensure efficient transport of neutrons from the source plane (the moderator surface)
to the sample position in the experimental area while preserving the divergence and intensity characteristics required
for measurements. It consists of elliptical mirrors in both the horizontal and vertical planes, with the source plane and
the sample plane located at the focal points, in order to focus and direct the beam. The guide is segmented into three
parts :

- The upstream section, starting 2 m from the moderator, extends over 15.5 m and directs the beam towards the
central section.

- The central section, 4 m long, has a rectangular shape and incorporates a neutron lens to adjust beam divergence
and focal properties.

- The downstream section, also 15.5 m long, carries the beam to within 1.5 m of the sample.

An upstream deflector allows selection of neutrons coming from the cold moderator, the thermal moderator, or a
combination of both, providing strong flexibility to meet the specific needs of different experiments.

The deflector (Figure 8) is a compact assembly made of silicon coated with a NiTi supermirror layer, positioned along
the path of cold neutrons to deflect them and inject them into the neutron guide.

The first section, tilted downward by 0.5°, allows a rapid exit from the direct line of sight and faces the thermal part
of the moderator. The resulting vertical offset of 150 mm ensures that high-energy radiation from the TMR assembly is
absorbed by the facility shielding. This section consists of a non-depolarizing NiTi supermirror coating deposited on a
radiation-resistant “borofloat” glass substrate. The number of reflective layers is optimized for each instrument to ensure
efficient transport while minimizing background noise and costs. This technology is used at various neutron scattering
facilities, notably at ILL and ESS.

The rectangular central section (shown in red in Figure 8) is tilted by 0.25° relative to the first section. This inclination
induces a reflection that directs useful neutrons horizontally towards the sample.

Finally, the last section is horizontal and identical to the first, thereby completing neutron transport to the main guide.
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Figure 8 : Schematic of the PRESTO cold neutron guide

The guide transmission has been calculated and optimized (Figure 9) using Monte Carlo simulations. It exceeds 90%
for useful neutrons above 2 A, which is very satisfactory across the entire cold neutron spectrum.
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Figure 9 : Brightness transfer from the source to the sample and brightness at the sample.

The PRESTO guide is representative of all the guides in the facility, which are designed using the same materials and

similar geometries.

3.2.1.3 Beam shaping

Upstream of the sample, beam conditioning makes it possible to retain neutrons useful to the user while eliminating
unwanted background. To achieve this, a set of slits, collimators, and choppers is implemented to precisely define the
shape, divergence, pulse duration, and wavelength range of the incident neutron beam at the sample position.

- To define the position and direction of useful neutrons, a series of slits (Figure 10, left) is installed along the in-
strument. The position of each slit has been determined through transport-line simulations (Figure 9), and their
apertures will be motorized for precise adjustment.
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Figure 10 : Shaping of the sample illumination using slits.
Left: 0.5° x 0.5° configuration; Right: 0.1° x 0.1° configuration.

- The timing and wavelengths of neutrons, i.e., their velocity, are selected using choppers (Figure 11, right). These
are rotating disks whose positions, rotation speeds and phases, as well as angular openings, are adjusted to define
the pulse duration and the wavelength range of useful neutrons according to experimental need.

| I 170°

Figure 11 : Beam shaping
Left: Photograph of the variable-slit system used to define the position and direction of the neutrons;
Right: Schematic of the choppers along the beamline used to define timing and the wavelength range.

Downstream of the sample, beam cleaning aims to retain as many neutrons effective for the measurement (i.e., useful
neutrons scattered by the sample) as possible, while absorbing parasitic neutrons that have not interacted with the sam-
ple.

- Alarge fraction of the neutrons reaching the sample are transmitted without being scattered. An absorbing block
is used to stop this direct beam and prevent backscattering towards the sample and the detector. It consists of a
B4C block to absorb neutrons and a lead casing to absorb the 480 keV gamma rays produced by neutron capture
in boron atoms.

- Aradial collimator (Figure 12) allows neutrons scattered by the sample to be retained while absorbing a significant
portion of neutrons scattered by the surrounding environment.
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Front view

A-A (1:4)

Figure 12 : Radial collimator between the sample and the detector. Left: cad ; Center: front and top projections

Similar components (slits, choppers, collimators) are found across all ICONE instruments. These technologies are rou-
tinely used at facilities such as the ILL and ESS. The specific work for ICONE consists in adapting them (aperture, speed,
position, etc.) to the needs of the different instruments (beam size, resolution, etc.).

3.2.1.4 Sample implementation

The sample position (3D) and orientation (3D) must be precisely adjusted and must be adjustable regularly during
exposure. They must be controlled by precise stepper motors (Figure 13) according to the requirements associated with
each instrument. A combination of translations (X, Y, and Z), rotation (vertical axis), and goniometers is commonly used.

The scientific use cases for PRESTO require exposing the sample to very low temperatures and strong magnetic fields.
Such setups are routinely used at neutron scattering facilities.

Figure 13 : Sample positioning must be precisely adjusted and motorized.

3.2.1.5 Neutrons detection
Two types of devices are used on the instruments:

- Monitors: these are low-efficiency detectors (<1%) that measure the incident flux at different positions along the
instrument. Two monitors are typically planned, one at the entrance of the neutron guide and one before the
sample:
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o The first one monitors the beam quality produced by the target—-moderator—reflector (TMR) assembly and
rejects non-compliant pulses

o The second one is used to normalize the counting rates measured on the detector and to monitor the effi-
ciency of the neutron guide system.

- The detector: it collects and counts neutrons that have interacted with the sample in two spatial dimensions and
in time. Combining these three pieces of information makes it possible to determine the incident wavelength and
the scattering angles. On PRESTO, the detector will consist of vertical tubes 12.7 mm thick filled with 3He gas at 10
bars, providing excellent efficiency. Connected to time-resolved electronics, these data will be recorded for each
event (“event mode”). This detector is an adapted version of the one from the 7C2 instrument formerly installed
at Orphée and now used for tests carried out on IPHI-Neutrons.

3.2.1.6 Signal processing
Signal processing is divided into two distinct parts:
1) The first step is noise filtering of the signal. This is done:
a. At the detection stage, by discriminating between neutron and gamma-ray events.

b. A posteriori, by excluding all events detected during anomalies at the accelerator, the TMR assembly, or
the instrument.

2) The second step is the reduction of raw event-mode data. Each event is analysed and transformed to generate
a dataset useful to the user:

a. The neutron arrival time is used to calculate their wavelengths (A) and energy transfers (SE).

b. The arrival position on the detector, combined with the wavelength, is used to calculate the momentum
transfer Q.

c. Theevents (A, Q, 86E) are then corrected for sample absorption and incident flux to be normalized.

d. Finally, the events are summed and exported into a user-readable data file.

3.2.1.7 Radioprotection

A large number of neutrons and gamma rays escape from the source shielding enclosure and enter the instrument. A
significant fraction of these could pose a risk to the health of personnel present in the hall or interfere with measurements
on other instruments. The instruments are therefore “enclosed” within a shielding channel that ensures radiation levels
remain acceptable in the hall. Preliminary radiation-protection calculations show that an equivalent thickness of 40 cm
of concrete, lined on the inner face with 5 mm B4C plates, is sufficient (Figure 14, left).

The neutron beam ends its path in the experimental area containing the sample and the detector. This area also acts
as a radiation-protection element. The geometry and wall thickness of the experimental area have been calculated to
keep the dose rate below 0.5 uSv/h (Figure 14, center).

Finally, stopping the neutron beam to access the experimental area or to carry out instrument maintenance while the
facility is operating is ensured by two movable beam shutters located 2 m and 8 m from the TMR assembly. Made of
tungsten and B,4C blocks, these shutters ensure a dose rate below 0.5 uSv/h in the experimental area (Figure 14, right).
These shutters are mounted on pneumatic actuators whose default rest position is closed.
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Figure 14 : Radiation-protection elements: Left: concrete shielding block around the guide; Center: calculated radiation
intensity inside and around the experimental hall; Right: beam-stop block upstream of the experimental area.

3.2.1.8 Comparison with other instruments in typical experiments

To quantify instrument performance, we have undertaken a program of instrument modelling and neutron transport
simulations from the source to the sample, and to the detector (using reference samples). This digital twin of the exper-
iments, based on the McStas simulation software widely used and validated in the neutron community, should ultimately
enable us to optimize experimental conditions, estimate performance a priori, and extract the best from experimental
data a posteriori.

We applied this approach to PRESTO by considering a typical experiment that we simulated and compared with ex-
perimental results obtained on the G4.1 diffractometer at ORPHEE. This comparison between PRESTO simulation results
and G4.1 experimental data provides an excellent benchmark for PRESTO’s scientific productivity. Indeed, G4.1 was the
most productive instrument in the ORPHEE suite, with about 20 publications per year.

The expected signal level (number of neutrons) on PRESTO will be about two orders of magnitude higher than that
measured on G4.1 (Figure 15). This gain results from the quality of the source as well as from the modernization of the
instrument’s guide and detector. PRESTO also fully leverages the pulsed nature of the ICONE flux.
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Figure 15 : Comparison of a diffraction profile generated by numerical simulation with McStas for a typical diffraction
experiment on PRESTO, with an experimental profile measured on G4.1 formerly installed at Orphée (with a multipli-
cation factor of 86). These profiles represent the counting rate as a function of the scattering vector.

3.2.2

All 12 instrument in the suite are currently being designed, at various maturity stages (see Table 1).

Instrument suite
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PRESTO Virtual experiments PRECIS Conceptual design
LAMBDA Virtual experiments INEDIT Conceptual design
PREMS Virtual experiments NANOSANS TBD

FANTASTIC Virtual experiments CONTEXT TBD

TULIP (IMAGING) Conceptual design LiTe-HR Diag. beamport

GOLF Conceptual design LiTe-HF Multi-purpose beamport

Table 1: instrument maturity as of Feb-26. Phase 1 instrument are well advanced and will switch into detailed design.

3.2.2.1 Diffraction

Beside PRESTO, two additional diffractometers are foreseen in the instrument suite for high-resolution diffraction
(PRECIS) and strains/textures measurements (CONTEXT).

3.2.2.1.1 PRECIS

While PRESTO is a versatile medium-resolution instrument, PRECIS will cover the needs for high-resolution structure
refinement often required for metallurgy and energy storage systems.

The instrument will share most of PRESTO’s design concepts, but the increased resolution will come from a tight
incident divergence, a controlled time resolution and a strong collimation on the scattered path. This requires:

— Beam shaping: Four sets of collimation slits will be located at distance ranging from 1 to 7 meters from sam-
ple position to tune the incident divergence down to 0.05°.

— Chopper cascade: the chopper cascade will accommodate for a pseudo-statistical chopper to eliminates non
elastic contributions and pulse decay tail from the collected dataset.

— Radial collimation: on the scattered path, a tight radial collimation of 0.05° will further increase the &d/d of
the instrument.

3.2.2.1.2 CONTEXT

CONTEXT is an instrument dedicated to the measurement of strains, stress and textures in samples. This technique is
the only non-destructive method to 3D map residual stress within the bulk of components. By measuring elastic strains
derived from changes in lattice spacings, one can calculate internal stresses to evaluate reliability, diagnose failures, or
optimize manufacturing.

On a pulsed neutron source, the instrument design makes use of the ToF technique by recording all scattered neutrons
at a fixed 26. The gauge volume of ~1 mm?3, defining the specific volume of the sample to probe, is created by the inter-
section of the incident beam and the diffracted beams. Key components include incident beam shaping optics (slits and
Soller collimator) and scattered beam filtering with radial collimators that precisely define the neutrons reaching the
detectors. This ensures that only scattered neutrons from the defined gauge volume are captured.

To maximize scientific output, these instruments require a minimum neutron flux at the sample position of at least
5x10* n/cm?, paired with a very low instrumental background. To achieve the necessary precision for strain measure-
ments, the angular position must be measured within 0.01°, and the full width at half maximum (FWHM) of the peak
should not exceed 0.8°.
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The instrument design is currently in its early stage with concept being explored (Figure 16).
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Figure 16 : typical pulsed source strain measurement setup (J. Teixera, LLB)

3.2.2.2 Large-scale structures

The large-scale structures category regroups both SANS instruments and reflectometers.

3.2.2.2.1 LAMBDA

LAMBDA is a multi-purpose SANS instrument covering a broad scientific case from biology and food science to mag-

netism in the 0.002 — 0.8 A"t Q-range. An overview of the instrument is presented on Figure 17.

The instrument is ~20 m long and consists of:
— Achopper cascade allowing to finely tune the incident wavelength range at sample position.

— Aset of 4 optional collimation elements allowing to tune the incident divergence in the 0.1 < d < 0.6° range
using a double pinhole geometry.

— A ~10 m long evacuated tank hosting a 1 m? 3He detector with 8 mm tubes and filed with 15 bars ensuring
excellent efficiency over the whole wavelength range.
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Figure 17 : first CAD design of the LAMBDA instrument.

3.2.2.2.2 NANOSANS

NANOSANS is a SANS instrument extending the Q-range of LAMBDA towards higher Q, ultimately combining a WANS
and SANS instrument in a unique package. This combination allows to study the physics at multiple scales, from the usual
large-scale structure probed by SANS down to microscopic local arrangements as probed by diffraction.

This instrument is particularly relevant in the fields of soft matter (polymers, micelles, gels), biological macromole-
cules, magnetism (magnetic nanoparticles, chiral magnets), and industrial materials (steels, rubber composites, fuel cell
membranes).

Critical requirements for the instrument are:

— Aresolution : while SANS instruments accommodate with ~10% wavelength resolution, the WANS compo-
nent of NANOSANS requires a resolution in the 2% < 6 A/A < 5%.

— Q-space coverage : Q-space coverage shall extend up to 3 A to cover the whole scientific case.

— Extensive sample environment including low temperature and magnetic fields.

3.2.2.2.3 PREMS

PREMS is a versatile horizontal time-of-flight (TOF) neutron reflectometer designed to probe the structure, thickness,
and density of thin films and interfaces. By measuring the intensity of neutrons reflected at grazing incidence, it provides
detailed information on material depth and surface roughness. The scientific case for PREMS covers a broad range of
applications, including the study of free liquids, membranes, polymers, core-shell particles, and magnetic thin films. It is
designed to handle both liquid surfaces and inclined solid-state thin films.

To cover the required Q-range, the instrument features a beam that is deflected 3.6° downward from the horizontal
plane enable the two distinct experimental configurations:

— for free liquids, the beam reaches the surface at an incident angle of 0.4-3.6°

— For solid-state systems, the configuration allows for angles between 0° and 5°.
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The technical conception includes a guide system with NiTi super-mirror coatings, a 20 Hz chopper system for pulse
shaping and band control, and a heavy-duty sample stage. The detection system is based on a 3He grid geometry to cap-
ture simultaneously both specular and off-specular signals.

PREMS is designed to provide extensive Q-space coverage, reaching up to 0.44 A for liquids and 0.55 A for solid-
state samples. Virtual experiments carried out showed excellent performance, with the ability to achieve a signal-to-
noise ratio (SNR) threshold of 10 for effective measurements within minutes (Figure 18).
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Figure 18 : (left) Virtual SNR curve of a hydrogenated polystyrene layer of 10 nm spun-cast on a silicon wafer at the
air/solid interface simulated on PREMS at 3 different angles. (right) Experimental SNR curve of the same system
measured on EROS at Orphée.

3.2.2.3 Inelastic and QE scattering

Inelastic neutron scattering allows to access excitation modes in samples at various scales from local atomic and spin
excitations, to collective ones and molecular rotational/vibrational relaxation modes. The energy scales vary greatly, re-
quiring dedicated instruments.

3.2.2.3.1 FANTASTIC

FANTASTIC is an inelastic neutron spectrometer designed with an indirect geometry. In this configuration, the incident
beam is polychromatic, and energy discrimination is performed on the scattered path using a set of graphite monochrom-
ator analysers (Figure 19). The scientific case for the instrument focuses on high-level condensed matter physics, includ-
ing the study of frustrated magnetism (such as spin liquids and spin ice), superconductors, and exotic non-colinear mag-
nets. Additionally, it is intended for investigating lattice dynamics, phase transitions, and functional materials.

The instrument's conception relies on a flexible analyser system where the graphite monochromators can be oriented
freely to select scattered wavelengths between 3 and 5.8 A. This geometry allows for a wide range of momentum and
energy transfers to be probed during a single experiment.

FANTASTIC is designed to provide high-performance data collection across a broad range of physical parameters (Fig-
ure 20). For elastic processes, it is expected to cover a momentum transfer range of 0.2 < Q < 7 A™, with energy transfer
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range between 0 and 25 meV. Furthermore, the instrument is engineered to handle small samples, allowing for successful
data collection from crystals with volumes as low as 25 mm?3,

Figure 19 : (left) coarse radial collimator between sample and analysers. (right) anti-crosstalk channels between ana-
lysers and detectors.
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Figure 20 : (left) energy resolution vs energy transfer for various incident pulse length. (right) Q-resolution versus Q-
range.

3.2.2.3.2 INEDIT

INEDIT is a cold chopper spectrometer in direct geometry and optimized to probe low-energy dynamics in a wide
variety of materials by measuring the change in energy and momentum of neutrons as they scatter off a sample. The
scientific case for INEDIT is broad and multidisciplinary, covering topics such as life sciences, functional materials, and
energy research. A focus has been made on the study of the diffusion of water in confinement, the dynamics of polymers
and biological macromolecules, and the fundamental properties of emergent magnetic systems.

The instrument's geometry is designed to maximize neutron flux while providing high energy resolution. The primary
conception involves chopper cascade that discretize the ICONE pulse into short, monochromatic ones (Figure 21). These
sub-pulses interact with the sample, and the resulting scattered neutrons are detected by a large-area detector array.
This configuration allows for Frame Rate Multiplication, enabling the simultaneous measurement of multiple incident
energies to maximize the data collected in a single experimental run.
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Figure 21 : conceptual INEDIT design and chopper cascade

3.2.2.4 Engineering

Engineering studies often requires larger sample volumes to be probed at a macroscopic scale. This is the purpose of

an imaging station mapping the internal structure of large object and of the PGAA station mapping precise element com-

position of samples through prompt-gamma activation monitoring.

3.2.24.1

TULIP

TULIP is the TUm-LIb Imaging Port. Located in the HF hall, it is a multi-purpose imaging station covering a broad sci-

entific case, from material science to cultural heritage.

Cultural heritage: studying historical man-made artifact by non-destructively investigating microstructures
(up to 100 um) and metallic alloy compositions.

Archaeology: conducting internal 3D investigations of multi-material artifacts (e.g., metal-organic compo-
sites) and identifying corrosion or hidden defects without damaging the specimen.

Material science: investigating porosity, cracks, and phase distribution in 3D-printed metallic components to
optimize industrial manufacturing processes.

Industrial applications: monitoring lithium migration and degradation mechanisms in batteries in-operando
to improve energy storage technology.

To meet these diverse needs, the instrument must achieve several high-level performance targets:

Spatial resolution: the instrument setup and detector configuration must allow to map samples with a spatial
resolution in the 5 < R < 100 um to resolve fine micro-structures, cracks, and battery interfaces.

Flexible Field of View (FOV): the system must accommodate samples ranging from small additive manufac-
turing parts (30x30 mm?) to larger archaeological artifacts up to 150x150 mm?.
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length resolution of approximately 10% to ultimately enable phase identification and "Bragg-edge" analysis.

ToF resolved imaging: ideally, the instrument should allow for Time-of-Flight (TOF) capabilities with a wave-

The current instrument design is a 20-25 m long instrument with a tunable L/D (see Figure 22).
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Monte-Carlo simulations have been carried out to optimize the instrument and extract performances (Figure 23).
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Figure 22 : (left) schematic layout of the TULIP instrument. (right) 6 axis sample stage.
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Figure 23 : Monte-Carlo analysis of the TULIP instruments.

3.2.2.4.2 GOLF (PGAA)

Prompt Gamma Activation Analysis (PGAA) is a non-destructive technique used to determine the elemental compo-
sition of materials by measuring the gamma radiation emitted during neutron capture. It allows for the detection of
elements with high neutron capture cross-sections such as boron, cadmium, and various rare earth elements that do not
produce long-lived isotopes. The scientific case for the GOLF instrument is driven by the need for high-sensitivity chemical
analysis in fields ranging from cultural heritage and archaeology to material science and environmental monitoring.

The design of GOLF requires a high signal-to-noise ratio and precise spatial resolution (Figure 24). The guide system
is optimized at a length of 21 meters with an m=3.5 coating to maximize the thermal flux on a 10 x 10 cm? sample area.
A critical requirement is the escape from direct line sight of moderator. As such the final design favors a straight elliptical
geometry with a gated detection system. This setup ensures homogeneous illumination of the sample and allows the
detector to be synchronized with the source pulses, shutting down the measurement window during the moderator
gamma burst to prevent detector saturation while still capturing the cold neutron flux.
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The performance of the instrument varies based on its beamport installation:

e In the HR hall (50 Hz, 400 ps pulse), the system achieves an average flux of 6x10° n/s/cm? providing the
precision necessary for complex isotopic signatures.

e In the HF hall (20 Hz, 2 ms pulse), the average flux increases to 1.2x107 n/s/cm?, though this comes with

higher fluctuation ratios in the beam intensity.
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Figure 24 : (left) schematic layout of the GOLF sample station with extra-care on the shielding. (right) ToF flux distri-
bution at sample position highlighting strong flux variations.

3.2.3 Common activities

3.2.3.1 Sample environment

Some experiments require a specific environment to subject the sample to controlled temperature and pressure con-
ditions or to particular mechanical stresses in situ during neutron-beam measurements:

- Cooling (1.5 K < T <300 K) can be achieved using commercial liquid-helium cryostats or cryocooler systems.
- Furnaces allow coverage of the temperature range 300 K < T < 1300 K.

- Several types of superconducting magnets enable various magnetic-field configurations and orientations, with a
maximum field strength of 10 T.

- Presses can subject samples to pressures up to 10 GPa. A dedicated device for applying shear stress is under study.
- Different types of polarizers or spin flippers are also being explored.

- Langmuir troughs, humidity chambers, and stress rigs will be available to characterize liquid, biological, and pol-

ymer samples.

3.2.3.2 Ancillary platforms

More and more materials analyses require combining results from multiple experiments using different experimental
techniques. For example, neutron scattering can be complemented by X-ray diffraction, systems for measuring physical
properties (magnetization, susceptibility, resistivity, heat capacity, thermal conductivity, etc.), spectroscopy, optics, or
rheology.

We are assessing the relevance of making such equipment available to our users either on the ICONE site or in labor-
atories close to the facility.
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3.2.3.3 The control-system

The instrument control system will rely as much as possible on tools already developed and widely used in European
neutron scattering facilities. It is structured into three complementary levels:

- Auser interface: in graphical or scripted form, it will allow both users and instrument scientists to interact directly
with each instrument component. This interface will likely be based on NICOS, the GUI software currently being
deployed at ESS. This choice offers a dual advantage: it reduces ICONE-specific development needs and facilitates
user training in an environment shared with ESS.

- A communication layer: this converts user commands into machine instructions. It will rely on the open-source
SECOP protocol, based on TCP/IP, recognized for its modularity, speed, and execution reliability in large research
infrastructures.

- A hardware layer: this converts machine commands into signals and ensures precise positioning of the various in-
strument components. It will use standardized components that are widely deployed and supported over the long
term.

The control system will be interfaced with the accelerator to retrieve the timing and power information required for
experiment control. A full prototype of the control-command chain is currently under development for validation.

3.2.3.4 Data management

We have not yet selected a data-hosting strategy. The data could be hosted by the facility itself, by one of the partners
(CEA, CNRS, a university), or outsourced to a specialized company. The estimated data volume is about 10 TB per year,
i.e., roughly 100 times lower than that of ESS. Such volumes are easily manageable today and will be even more so in the
coming decade.

The data will be stored and made available to users in accordance with FAIR data principles.
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4 ICONE TARGET-MODERATOR-REFLECTOR SETS (BOOK 3)

4.1

Introduction

The two ICONE TMR (Target—Moderator—Reflector) assemblies are based on a modular architecture comprising five

functional elements, designed to optimize neutron production and use while ensuring installation safety and maintaina-

bility:

Targets (x2): They form the core of the system. Bombarded by the proton beam (E, = 25 MeV, lpeak = 80 mA),
they produce fast neutrons through low energy nuclear reactions (e.g., (p,n)), which are particularly efficient in
beryllium in this energy range. At higher incident proton energy (Ep > 50 MeV), spallation reactions start to take
place and heavier materials can be used and perform as well as beryllium.

Moderator — Reflector (MR) (x2): These assemblies convert fast neutrons into thermal and cold neutrons suita-
ble for neutron scattering techniques. The moderator slows neutrons down to the meV energy range, while the
reflector redirects fast neutrons emitted in non-useful directions back towards the moderator, thereby maxim-
izing the flux available for experiments.

Shielding Monoliths (x2): They house the targets and MR systems, providing both mechanical integration and
reduction of residual radiation. Their design limits activation outside designated areas and protects nearby
equipment.

Shielding bunkers (x2): They surround the monoliths and the auxiliary systems required for operation and re-
placement of the targets and MR systems. They provide an additional radiological barrier, ensuring that radiation
levels outside the bunkers remain below 0.5 uSv/h, a level compatible with a public area.

Maintenance hall (x1): Directly connected to the casemates, they gather all resources required for the operation
and the maintenance of the TMR assemblies. It also includes a dedicated area for storage and decay of activated
components.

A TMR assembly can be schematically modelled as shown in Figure 25.
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Figure 25 : Schematic functional diagram of a Target—-Moderator—Reflector set.
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4.2 Design

4.2.1 Targets

The target is one of the key components of the facility, as it determines both the overall efficiency of the neutron-
production process and the reliability of the entire system. Its performance is directly limited by two major factors: its
resistance to proton irradiation and its ability to withstand the strong thermal stresses generated by beam impact.

Aware of these challenges, LLB and Irfu have been working for many years on optimizing both the geometry and the
material composition of the targets, with the aim of improving the neutron yield as well as the operational robustness.
Several experimental beryllium target prototypes have already been designed and tested, notably on the IPHI-Neutron
platform. Significant progress has been achieved. However, this component remains the one for which operational feed-
back is most limited, due to the lack of long-duration test facilities. For this reason, a reference solution, detailed below,
has been selected as the design baseline, while alternative solutions continue to be explored to secure the project over
the long term.

4.2.1.1 Challenges

The main challenges for the targets are as follows:

- Identifying the best proton-to-neutron conversion material: at first order, the goal is to achieve the highest pos-
sible neutron yield per incident proton. The neutron energy spectrum and emission direction can also influence
the moderator efficiency.

- Withstanding the high power deposited by the proton beam (80 kW) on the smallest possible surface area: the
more compact the source, the higher the achievable brightness.

- Minimizing the target activation: the production of radioisotopes during the source operation must be kept as
low as possible. This helps reducing dose rates both during operation and during maintenance.

- Facilitating target maintenance: this is a central design requirement. Operations must be guided by three key
principles: simplicity, speed, and safety. This implies not only planning efficient procedures for replacing and stor-
ing used targets, but also anticipating the management of their residual activation. Finally, the overall architecture
must ensure that the consequences of accidental target damage remain limited, both for the facility and for its
environment.

4.2.1.2 Geometry

The target geometry has been optimized to balance neutron efficiency, operational robustness, and maintainability.
The target consists of a neutron-producing plate with a surface area of 14 x 20 cm?, tilted by about 10° relative to the
proton beam, which maximizes the neutron production while spreading the deposited power density. It is cooled using a
copper backing with circulating water (Figure 26), ensuring efficient heat removal.
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Figure 26 : Fast neutron production by the proton beam on the neutrogen plate, attached on a water-cooled support.

The materials used for the target have been selected to minimize activation under irradiation as much as possible.
This activation has been assessed through calculations and taken into account in the design phase, in particular for the
maintenance tooling (for example, a lead cask intended for extraction) as well as for temporary storage systems allowing
targets to decay before disposal.

4.2.1.3 Neutrogen material : AIBeMet
ICONE targets are designed to operate under the following nominal conditions:
- Incident Protons: 25 MeV, 2 MW peak (lpeak = 80 mA), 80 kW average (lav = 3.2 mA),
- Target: 14x20 cm?, corresponding to an average power density of 285 W/cm? (with a peak power of 500W/cm?)

Different materials were considered according to the four criteria defined earlier. Beryllium appears to be the most
efficient material for neutron production in the 20-30 MeV proton energy range (Figure 27). To mitigate the problems
related to proton implantation, aluminium—beryllium composites (AlBeMet®) have been selected as the reference solu-

tion.

Beryllium and AIBeMET materials have already been successfully tested on the Irfu IPHI 3 MeV accelerator, during
experiments conducted at a 30 kW power and a power density of 600 W/cm?, i.e., a level comparable to that envisaged
for ICONE. Tests carried out over a cumulative duration of 110 hours confirmed the operational robustness of this type
of target and validated its technological feasibility.



Ql ICONE ICONE-000021

ICONE TDR summary

n\ Page 41/ 70

——Be (ENDF)
3.5 ——Ta (ENDF)
® Be (Exp.)
® Ta (Exp.)
25 Vanadium

Lithium
2 Gallium
-e-Galn

Neutron yield (10 n/mA)

E, (MeV)

Figure 27 : Neutron yields for different target materials as a function of the incident proton energy. Dots correspond
to experimental data points; solid lines to Monte-Carlo simulations using the ENDF-VIII database.

ICONE targets will need to sustain intensive operation of the order of 4,000 to 5,000 hours per year, corresponding
to a cumulative proton charge of about 50 kC/year. During their interaction with the target, incident protons are slowed
down and implanted at a certain depth below the surface. This proton implantation can lead to the formation of dihy-
drogen, potentially in the form of clusters or bubbles, which may cause embrittlement and ultimately mechanical failure
of the target.

Tests carried out at IPHI at 3 MeV made it possible to reproduce a volumetric density of implanted protons equivalent
to one year of ICONE operation (i.e., 5,000 hours). These tests showed that the surface of the AIBeMet target exhibited
no significant degradation, and the tests were stopped only due to personnel availability constraints and operation costs.

It should nevertheless be emphasized that these experiments were conducted at an incident energy of 3 MeV,
whereas ICONE will operate at 25 MeV. This energy difference affects the proton implantation depth and the associated
damage.

4.2.1.4 Support: water-cooled copper plate

The neutron-producing target is mechanically attached to a copper support cooled by water circulation (Figure 28).
Target cooling is achieved by thermal conduction. Designed to be robust and reliable, this support is not directly exposed
to the proton beam. The target materials are attached to the cooling support with screws, thereby eliminating the risk of
water leakage in the event of target damage. The thickness of the neutron-producing plate is optimized to limit overheat-
ing while maintaining the Beryllium surface temperature high enough (~500°C) to promote the diffusion of implanted
hydrogen ions. Fine temperature control is achieved by adjusting the cooling-water flow rate.

A prototype based on this principle, but incorporating several improvements compared with the design tested during
the IPHI-Neutron tests, has been fabricated. It has been used to qualify the assembly processes, the sealing performances,
and the water erosion phenomena.
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Welding path

Figure 28 : Copper support for the neutron-producing target. Cooling water is injected on one side of the support, flows
through 42 machined channels to maximize heat exchange, and flows back on the opposite side. This archi-
tecture ensures uniform heat dissipation and contributes to the system reliability.

4.2.1.5 Alternatives for target design

Beryllium supply, a chemically hazardous material subject to strong availability constraints, is currently a risk factor.
In Europe, there is no supplier of bulk plates of AIBeMet® composites, which are produced exclusively by the U.S. com-
pany Materion. In this context, two alternative approaches are being actively investigated to secure supply and reduce
dependence on beryllium:

Alternative 1: A multilayer target.

This solution consists in bonding a thin layer of beryllium onto a palladium and copper backing plate. This solution
retains the excellent neutron performance of beryllium while drastically reducing the amount of Be used. Besides, the Pd
layer acts as a mitigation layer where the protons can be implanted. This solution avoids reliance on AlBeMet. Such an
architecture is already successfully used on a BNCT (Boron Neutron Capture Therapy) facility in Japan. Discussions are
underway with a Swedish company to develop a target for ICONE. However, this company has not yet produced such
targets, and a qualification process under operating conditions close to those of ICONE will be required.

Alternative 2: Other target materials.

Niobium is a possible option. This material shows good tolerance to hydrogen implantation, a high melting point, and
satisfactory industrial availability. Its drawbacks are lower neutron-production efficiency and higher short-term activa-
tion. Other refractory metals such as tantalum or vanadium are also being considered but present drawback such as a
very high activation for tantalum and a very poor thermal conductivity for vanadium.

4.2.2 The Moderator-Reflector

The moderator-reflector (MR) assemblies are designed to collect the fast neutrons produced in the target (typically
in the 0.1-5 MeV range), slow them down to energies suitable for neutron scattering (typically 1-100 meV), and then
efficiently redirect them toward the instrument beamlines. Their design aims to maximize beam brightness (expressed in
[n/cm?/s/sr/A]), a key parameter that determines the performance and sensitivity of experiments. Beryllium is currently
considered as the reflector material.

4.2.2.1 Challenges

The main challenges associated with thermal and cold moderators are as follows:
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- Material selection: identifying the most effective materials for neutron moderation and reflection while ensuring
maximum brightness at the instruments.

- Radiation resistance: the moderator must retain its physical and nuclear properties throughout the facility’s life-
time, so as to limit maintenance to a few planned interventions over several years.

- Minimization of activation: induced radioactivity, both during and after operation, must remain low to allow safe
interventions and reduce regulatory constraints.

- Ease of maintenance: the design must enable fast and safe operations, including the storage and handling of used
targets. The consequences of accidental target failure must be minimized to ensure the safety of the facility and
its personnel.

4.2.2.2 Geometry

The moderator-reflector assembly surrounds the target and occupies a volume of a few tens of litters (Figure 29).
Since the neutrons emerging from the target are highly energetic (0.1-5 MeV), the first layer consists of the thermal
moderator, which converts fast neutrons into thermal neutrons (~¥10-100 meV), corresponding to an energy reduction
of about eight orders of magnitude. The thermal neutrons then interact with the cold moderator, where they are cooled
down to energies between 1 and 10 meV.
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Figure 29 : fast neutrons cool-down through collisions with light atoms in thermal and moderators.
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4.2.2.3 Thermal moderator

Light water (H,0) is one of the most effective thermal moderators due to its high concentration of hydrogen atoms.
Water activation is low, and cooling is easy to implement. The preferred structural material is aluminium, more specifi-
cally AIMg3 or AlMg5 alloys, which undergo little activation under neutron irradiation and is also highly transparent to
thermal neutrons.

The main moderation mechanism occurs through collisions with the hydrogen nuclei in water molecules via momen-
tum transfer. On average, each collision reduces the neutron energy by a factor of 2.7 and produces an average deflection
of 45°. To reduce the energy by a factor of 108, about 19 collisions are required on average. The thermalized neutrons
then form an isotropic neutron gas.

4.2.2.4 Cold moderator

We have chosen to use para-hydrogen cooled to 20 K. This material provides very high neutron-cooling efficiency
because it consists of pure hydrogen and, in its para form, becomes virtually transparent once neutrons reach cold ener-
gies (<10 meV).

The cold moderator is shielded from the target by a few centimetres of water. This water serves several roles: as a
thermal moderator, as a reflector when neutrons are in the cold cell, and as a thermal barrier between the target (at
about 800 K) and the cold moderator (at 20 K).

A prototype cold moderator, CONEMO, has been built to qualify para-hydrogen production, as well as the use of a
thermo-siphon system to fill the moderator. The thermo-siphon system avoids the use of any cryogenic pump and also
allows working at pressures below 1.5 bars so that the system is not subject to the regulations of vessels under pressure.
This ensures both reliable and simple operation of the system.

4.2.2.5 Reflector

The main function of the reflector is to reflect neutrons in order to confine the neutron gas. It must be made of a
material with a high neutron interaction cross section and low absorption.

Commonly preferred materials include beryllium, graphite, lead, and water. The use of the reflector has a negligible
impact on the pulse length and structure, the more so as the pulses at ICONE are rather long.

4.2.3 Radioprotection
The main challenges for radiation shielding (monoliths and shielding enclosures) are as follows:
- The dose rate outside the bunker during operation has to remain below 0.5 pSv/h.

- The dose rate inside the bunker during maintenance operations should ideally remain below 25 pSv/h.

4.2.3.1 Shielding monolith around the TMR

The monolith is the central element for confining the radiation produced by the target and the moderator. During
operation, the dose rate in the immediate vicinity of the target can reach ~10° Sv/h at a few tens of centimetres, and 1-
2x103 uSv/h at 2 m. The monolith must attenuate this radiation to much lower levels (typ. <1 mSv/h) in the bunker
enclosure during operation to minimize activation of equipment's and <25 pSv/h when the source is shut down to enable
easy maintenance. It must also allow positioning of the targets and moderators, as well as their handling during mainte-
nance operations.



‘l ICONE ICONE-000021

ICONE TDR summary

"\ Neutrons for Page 45 / 70

Materials Sciences

Its design is based on a stack of material layers alternating fast-neutron, thermal neutron and gamma-ray absorption,
with a radius of less than 2 m.

Four main channels are planned through the shielding monolith :
¢ A channel guiding the proton beam to the target;

e A channel for inserting the target and its support, including cooling-water circulation and radiological shielding
(Figure 30).

e A channel for inserting the thermal and cold moderator

e A channel for allowing the thermal and cold neutrons to reach the instruments
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Figure 30 : Insertion of the target into its operating position via a dedicated channel. The target insert also incorporates
the necessary radiation-shielding elements to close the channel and limit radiation leakage.

4.2.3.2 The bunker

The bunker (Figure 31) has the primary role of limiting dose levels below 0.5 puSv/h, corresponding to an area acces-
sible to the public, even during operation. Its walls will be made of 1-meter-thick heavy concrete.

To facilitate operation and maintenance, many auxiliary systems—such as water pumps for target cooling or thermal
moderation, as well as the liquid-hydrogen cold box—will be installed outside the bunker. The walls, floor, and roof will
incorporate chicanes allowing the passage of water, hydrogen, and electrical lines. A water recovery system (drain chan-
nel + tank) is planned in case of accidental leakage. The interior of the bunker must provide sufficient space to handle
equipment around the monolith (typically 2.5 m). Access will be through a shielding plug door sized to maintain radiolog-
ical protection while allowing equipment passage (typically 2 x 2.5 m?2). The bunker will be equipped with a lifting system
suitable for handling the heaviest monolith components. Finally, nuclear-grade ventilation will ensure air renewal, limit-
ing the activation of argon and other gases present in the bunker atmosphere.

A significant fraction of the fast neutrons generated in the target can travel back inside the proton-beam tube. To
confine them, an intermediate bunker — between the Monolith bunker and the accelerator bunker — will incorporate
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some of the final accelerator components, including the last bending magnet, which separates the proton beam from the
fast neutrons produced in the target.

Figure 31 : Schematic view of the bunker with the shielding plug door open. The monolith is shown in green (4 m di-
ameter), and the proton beamline in red. The neutron transport channels are indicated with dashed lines. A
2.5 m working area around the monolith is reserved for maintenance operations, such as target replace-
ment or moderator servicing.

4.2.4 Maintenance room

The main challenges for the maintenance hall are as follows:
- Hosting the equipment required for maintenance of the TMR assemblies: monitoring equipment and tooling.

- Storing and confining radiation from irradiated equipment below 0.5 uSv/h: activity in this area is controlled,
and access is strictly regulated for storage operations only. Besides any accidental contamination happening dur-
ing maintenance operations should not reach the public areas.

Access to the bunkers will be through the maintenance hall. During operation (with bunker doors closed), this hall
may be occupied. However, access to the maintenance hall will be restricted during maintenance operations on either
monolith. Entry will be through an airlock equipped with residual radioactivity detection, as well as a changing room and
a shower.

The maintenance hall will contain the equipment required for TMR operation (pumps, filtration systems, cryogenics).
It will also provide access to the water storage tank in case of accidental leakage of cooling water or from the thermal
moderator. It will house all the tooling required for handling the TMR assemblies and will also include a dedicated area
for storage and confinement of irradiated components from the TMR building blocks.

4.3 Performance

In the current design, the TMR is design to provide neutrons over a 45° angular range in the horizontal plane so as to
feed six instruments in each ICONE hall (Figure 32 ). The instrument lines are thus separated by 9°.

The peak brightness, calculated as a function of the neutron energy, is shown in Figure 33. It reaches a maximum of
10™ n/cm?/s/sr/A at wavelengths of 1 A and 2.5 A, matching the needs expressed by the scientific community. Although
this brightness remains lower than that of the ILL or the HBS project, it exceeds that of PSI at longer wavelengths, ensuring
competitive performance for many experiments.
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Figure 32 : Neutron emission toward the six instruments. Left: top view; Right: front view as seen by the instruments.

Each instrument can “see” the cold moderator and part of the thermal moderator.
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Figure 33 : Peak brightness of neutrons directed toward the ICONE instruments, compared with that of other refer-

ence neutron facilities.

4.4 Conclusion on the TMR sets

The development of the TMR sets has made it possible to define key technological choices, advance component qual-

ification, and optimize concepts, while clearly identifying the remaining work needed to complete full system integration.

Achievements to date:

- Target:

Selection of the neutron-producing material (AlIBeMet), partial qualification under proton beam, and fab-

rication of cooling support prototypes. Exploration of alternative material solutions.

- Thermal moderator: Selection of water as the thermal moderator and geometry optimization.

- Cold moderator: Selection of liquid para-hydrogen and geometry optimization. Qualification carried out on a cry-

ogenic-loop prototype (though not in the final cold moderator geometry)
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- Monolith: Selection of materials (water, polyethylene, B4C, lead, aluminium, B,C) and geometry optimization.

- Bunker: Specifications transmitted to WP5 (infrastructure), radiation-protection calculations completed, and func-
tional schematics developed.

- Maintenance hall: Specifications transmitted to WP5 (infrastructure) and functional schematics developed.
Remaining work:

- Target: Qualification of a full prototype under beam and continued studies on alternative materials.

- Thermal moderator: Detailed design and integration.

- Cold moderator: Detailed design and integration.

- Reflector: Optimization of geometry and material.

- Monolith: Detailed design and integration.

- Bunker: Optimization, detailed design, and integration.

- Maintenance hall: Follow-up of detailed design and integration.

5 ICONE LINAC (BOOK 4)

5.1 Introduction

The main function of the linear accelerator (LINAC) is to deliver to the targets a 25 MeV proton beam with an 80 mA
peak current, with pulses of length 0.2-2 ms and an average power of 80 kW on the High-Flux (HF) target, and pulses of
200-600 ps with an average power of 40 kW on the High-Resolution (HR) target at frequencies in the range 20 To 60Hz.

The linac typically consists of six elements:

- The proton source, which provides a continuous proton beam at 75 keV.

- The Low Energy Beam Transport (LEBT) line, which chops the proton pulses according to target requirements.
- The RFQ (Radio-Frequency Quadrupole), which bunches the beam at 352 MHz and accelerates it to 3.6 MeV.

- The Medium Energy Beam Transport (MEBT) line, which measures, cleans, and prepares the beam for accelera-
tion.

- The X-DTL (Drift-Tube Linac), which accelerates the beam to its final energy (25 MeV).

- The High Energy Beam Transport (HEBT) line, which distributes the beam to the two targets.
For these systems to operate properly, several transverse (support) systems are required:

- The vacuum system allows the beam to propagate in the absence of air.

- The cooling system prevents equipment from melting or deforming under deposited power.
- The alignment system ensures that equipment is positioned correctly.

- The power-supply system provides energy to the magnets that transport the beam.

- The RF (radio-frequency) system supplies energy to the RF cavities that accelerate the beam.
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- The control system enables operation and monitoring of all equipment.
- The beam diagnostics system measures beam characteristics.

It can be schematically represented as shown in Figure 34.
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Figure 34 : Schematic breakdown of the linac

5.2 Design

The approach adopted has been to rely as much as possible on proven technologies (validated both by the broader
community and by our own teams). Nevertheless, handling an 80 mA proton beam remains a major challenge, and to
date no operating facility runs at such a high peak current beam (Table 2).

Accelerator SARAF LANSCE CSNS JPARC ISIS Linac4 SNS ESS

lpeak [MA] 5(Cw) | 20 20 30(>50) |35 40 55 62.5

Table 2 : Peak intensities of different protons/H accelerators

IFMIF operates a 125 mA beam, but this is a deuteron beam whose space-charge strength is about two times lower
than that of proton or H™ beames. It is in fact equivalent to that produced by about 62.5 mA of protons (as at ESS).

5.2.1 Source + LEBT

Two types of sources capable of delivering an 80 mA proton beam at 75 keV have already been built and tested at
Irfu: SILHI-3 and ALISES-3 (Figure 35). SILHI-3 has a more robust design and serves as the reference for ICONE. It could
advantageously (in terms of space, simplicity, and cost) be replaced by ALISES-3 if the latter proves to be equally robust

in operation.
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Figure 35 : Proton source. Left: SILHI-3 ; Right: ALISES-3

All source and LEBT equipment (including their power supplies, mounting supports, etc.) has been defined down to
the 3D integration level (Figure 36).

Figure 36 : Source + LEBT 3D view. Left: SILHI-3 high voltage platform; Right: with LEBT.

In addition to standard beam-transport equipment, the LEBT line includes a chopper that shapes the beam according
to the pulse patterns required by the two targets (Figure 37). This is the most critical element of the LEBT, as it must
switch rapidly and stop a significant fraction of the beam power. An equivalent chopper is installed at IPHI.

S S |

0 02 04 06 08 1 12 14 16 18 2

Figure 37 : LEBT chopper. Left: effect on beam ; Right: chopper picture.

The transverse (support) systems required to operate the source and the LEBT have been specified.
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5.2.2 RFQ

The RFQ is the most delicate component (in terms of machining and brazing precision), the longest to manufacture
(it is on the accelerator’s critical path), and the most expensive (per linear meter) of the linac. We chose to reuse the ESS
RFQ cavity, which was designed, built, and commissioned by Irfu.

ICONE’s differs from ESS’s in two key aspects—the beam current (62.5 mA = 80 mA) and the RF duty cycle (5% =
10%)—we verified that this RFQ design is suitable for ICONE. At ICONE, the average power is twice as high as at ESS (while
the peak power is identical), and it will be injected at twice as many points (Figure 38) in order to achieve equivalent
heating at the injection locations.

Figure 38 : RFQ. Left: ESS RFQ, identical to ICONE ; Right: implantation on ICONE

The experience gained by our teams during the commissioning of the ESS RFQ has confirmed that the ICONE RFQ
should achieve the expected performance. It has also made it possible to test the most critical points and address them
in advance through a more robust design of the cavity environment.

The transverse (support) systems required to operate the RFQ have been specified.

5.2.3 MEBT

The Medium Energy Beam Transport (MEBT) line consists of standard components (of the type delivered for the
SARAF project or installed at IPHI).

It includes six electromagnetic quadrupoles to focus the beam, with integrated steerers for beam guidance; three RF
cavities called bunchers to keep the bunches grouped; three scrapers to clean the beam halo; RF, vacuum, and cooling
system components; and numerous beam diagnostics (current, position, profiles, emittance). All components have been
designed and integrated into the MEBT 3D model (Figure 39).



4/ |CONE
| N

ICONE TDR summary

ICONE-000021

Page 52 /70

Figure 39 : 3D view of the MEBT.

Apart from the beam diagnostics discussed in Section 5.2.6, the most critical component (in terms of novelty, technical
difficulty, and total cost) is the RF buncher (Figure 40). Its technology is identical to that of the IH-DTL structures proposed
for beam acceleration. A prototype is currently under fabrication and is expected to be tested by the end of 2025.

Coupler Pumping

Figure 40 : MEBT RF Rebunchers RF

The transverse (support) systems required to operate the MEBT have been specified.
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5.2.4 X-DTL

The X-DTL structure will accelerate the beam from 3.6 MeV to 25 MeV. Two approaches are being explored:

- Along Alvarez-type DTL tank, similar to the ESS design;

- Aset of individually controlled IH cavities.

The first approach is being studied at INFN-LNL by the team that designed the ESS DTL. The second approach is being
studied at Saclay. The transverse (support) systems required to operate both options have been specified.
5.2.4.1 The Alvarez-type DTL

The DTL cavity is 8.76 m long and contains 66 cells housing 33 magnetostatic quadrupoles, 16 steerers, and 16 position
monitors, and it requires 2.95 MW of RF power, with the field regulated by 24 tuners. This type of tank has been success-
fully commissioned at ESS (Figure 41).

Thermal studies specific to ICONE have been carried out and the cooling system has been dimensioned. However,
beam-dynamics studies—including error studies required to qualify the final DTL performance—have not yet been com-
pleted.

Figure 41 : ESS DTL Tanks

5.2.4.2 The IH-DTL based linac

This linacis 11.4 m long and consists of 12 IH cavities and 24 magnetostatic quadrupoles, 12 steerers, and 12 position
monitors. It requires 3.05 MW of RF power, with the field regulated independently in each of the 12 cavities. A cavity
prototype is under construction and is expected to be qualified by the end of 2025.

Studies of all components (cavities, quadrupoles, beam diagnostics, Figure 42, as well as the RF distribution) have
been completed. Beam-dynamics studies, including error analyses, have shown that the IH-cavity linac meets the require-
ments, particularly with regard to beam losses.
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A 58.4MPa

Figure 42 : IH-DTL components. Left: deformation and stress of the IH cavities during operation; Right: 3D view of the
transport module between the cavities ((1) magnetostatic quadrupoles, (2) steerer, (3) beam position monitor outlet).

5.2.5 The HEBT

The HEBT design is not yet fully finalized, as it strongly interfaces with the targets and buildings, which are themselves
still being defined. However, preliminary layouts have been produced (Figure 43), and a set of “baseline” components
has been studied, in particular:

- Large-aperture quadrupoles to spread the beam over the targets;

- Dipoles to steer the beam toward the targets;

Octupoles to homogenize the transverse beam profile on the targets;

- Afast switch dipole to serve the two targets simultaneously and alternately during Phase 2.

Figure 43 : HEBT views. Left: top view of the HEBT toward the two targets; Right: partial 3D view toward the Phase 1
target.

Once again, the transverse (support) systems required to operate the HEBT have been specified.
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5.2.6 Transverses systems

5.2.6.1 Vacuum system
The vacuum system ensures that the residual-gas pressure along the beam path is low enough to:
- Limit beam losses,
- Prevent breakdowns in the RF cavities.

Each accelerator section therefore specifies a target pressure level in the beamline, depending on the beam energy
and the electromagnetic field levels.

Pumping down to about 1077 mbar is achieved using a combination of primary pumps (from 1 bar down to ~1072
mbar) and secondary pumps connected to the beamlines and cavities. Their interconnections and protection are
managed by valves and monitored by vacuum gauges.

Control of the vacuum system (pump start/stop, valve closure) is integrated into the machine protection system.

The performance of the vacuum system is evaluated and compared against requirements based on calculations that
include:

- The achieved pressure [mbar];
- The pumping efficiency [I/s], determined by pump speeds and equipment transmission (conductance);
- The volumes to be pumped [l];

- The gas load entering the volumes [mbar-l/s], estimated from material outgassing models and potential equip-
ment leaks.

Pumping ports have therefore been integrated into each component requiring them, and the necessary pumping
speeds have been assessed.

Manual and automatic operating and protection procedures have been defined and will be programmed into control
PLCs, which will be interfaced with the control-command system.

5.2.6.2 The cooling system

The cooling system ensures that the energy dissipated in certain equipment (generally where electrical currents flow)
is removed via a water circuit whose temperature, pressure, and flow rate meet the requirements specified by the engi-
neers who designed the equipment.

Typically, sizing the cooling system involves identifying the cooling needs of all equipment and dimensioning the cir-
cuits, heat exchangers, valves, pumps, and pressure or flow gauges, as well as water filtration systems, to ensure that the
water neither clogs nor erodes the circuits.

We will use three levels of circuits interconnected by heat exchangers (Figure 44):

- The primary circuit, with a capacity of 1 MW and a circulating flow rate of 360 m3/h, is cooled through heat ex-
change with the atmosphere (cooling towers). It exchanges heat with the secondary circuits.

- Separate secondary deionized-water cooling circuits:
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¢ A dedicated RFQ circuit, sized for 150 kW and 50 m3/h, exchanging heat with the primary circuit. Since the
RFQ requires precise control of its cooling-water temperature around 30 °C, it also passes through a dedicated
radiator/chiller via a tertiary circuit with a circulating flow rate of 70 m3/h.

e A potentially activated-water circuit to cool components exposed to ionizing radiation, namely in the MEBT,
the X-DTL, and the HEBT. It is sized for 300 kW and 60 m3/h. A dedicated water-treatment system is planned
for this circuit. Cooling of the targets and certain instrument equipment is also handled by this circuit. It in-
cludes a special tertiary loop regulated at 15 °C, sized for 150 kW and 17 m3/h, and its integration into the
secondary circuit could be considered.

e A non-activated-water circuit to cool source components, the LEBT, and water-cooled RF sources. It is sized
for 500 kW and 220 m3/h.

Primary Network Secondary Jnetwork 4 bar <Pressure < 6 bar
r | V[ A
T=25°C
HEX 1 L.,
[ R AN
S T Source + LEBT | Non-activated
Op?n 1225 ° e i | circuit
cooling HEX 2 i i
TOWER (422 KW) —— !
L I !
|oco \'\ Activated
Tr2s HEX 3 | circuit
(252 KW) !
[}
[}
[}
]
PR Chiller !
Targets Network — (121,5 KW) v

Figure 44 : Diagram of the process equipment cooling network.

5.2.6.3 The alignment system

The support structures (frames), positioning, and alignment systems (mounting plates) have been standardized for all
machine equipment (Figure 45).
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Figure 45 : Standard frames and mounting plates for positioning linac equipment.

5.2.6.4 Magnet and power supplies systems

Some magnets will be common to both the MEBT and the HEBT. In addition, it was considered beneficial to adopt as
much uniformity as possible for the power supplies of these magnets.

The work therefore consisted in identifying all magnetic requirements for beam transport, designing the magnetic
elements Figure 46, solenoids (source and LEBT), electromagnetic quadrupoles (MEBT, HEBT) and magnetostatic quad-
rupoles (X-DTL), dipoles (HEBT), octupoles (HEBT), and steerers (throughout the machine), and sizing the associated
standard power-supply systems.

Steerer coil

Quadrupole coil
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Figure 46 : Some magnetic elements of the linac
TL: solenoid; TR: magnetostatic quadrupole; BL: electromagnetic quadrupole; BR: octupole.

5.2.6.5 The RF system

All linac cavities will operate at 352.21 MHz and will be powered by standard RF sources. The RF engineer’s work has
consisted in identifying all requirements and translating them into compact, reliable, and standardized RF solutions. They
are also responsible for implementing the control function (Low-Level RF, LLRF) and therefore define the margins required
for this control.

Despite their significant cost (though steadily decreasing), the choice has been made to use solid-state amplifiers
(SSAs) based on 25 kW-peak modules assembled to deliver up to 400 kW peak (16 x 25 kW modules). Their high flexibility
in operation and maintenance, very good reliability, and good electrical efficiency justified this choice. The total installed
peak power will be 5 MW peak, with an associated average power of 500 kW.

The final configuration (power distribution by component), RFQ (1.7 MW peak), MEBT buncher (75 kW peak), and X-
DTL (3.2 MW peak), including all RF waveguide routing, has been adopted, making it possible to define building and
cooling requirements.

5.2.6.6 The Control system

We have decided to adopt the standardized systems used at ESS, IPHI, and SARAF:

an EPICS 7 database,

- a PHOEBUS graphical user interface,

- 10xO0S fast acquisition/control boards,

- Beckhoff slow acquisition/control modules,
- an MRF timing system,

- Siemens S7-1500 PLCs,

- 47U racks (80 cm x 80 cm) with ventilation and EMC compliance.

The architecture is divided into three layers (Figure 47): the Main Control System (MCS), which allows the operator
to access all equipment via Phoebus and EPICS; a Local Control System (LCS), which includes all standard hardware; and
the individual equipment controllers with which the LCS communicates.
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Equipment . ; ! J !
INJ RFQ MBT DTL HBT

Figure 47 : Layered architecture of the control system

In addition to low-level applications that communicate individually with each piece of equipment, the control system
will include high-level applications capable of performing automated operations involving multiple devices. These will
run either on command or upon anomaly detection to protect the facility.

The accelerator control system will interface with those of the targets, the instruments, and the infrastructure.

5.2.6.7 The Beam Diagnostics Systems

Beam diagnostics are used to measure beam characteristics and to tune accelerator components. In particular, poor
tuning could lead to unacceptable beam losses, resulting in prompt radiation exceeding allowable limits and activation
of accelerator structures, making maintenance problematic. These diagnostics also make it possible to validate and tune
the machine’s numerical model (its digital twin).

Beam diagnostics measure various moments of the beam particle distribution, such as: beam intensity (ACCT x8 or FC
x3), position (BPM x19), phase (BPM x19), transverse size (wire scanners x7 or SEM grids x2), halo (scrapers x3 or dia-
phragms x2), transverse emittance (slit + wire scanner x1), and beam losses (ACCT x8 or nBLM x13).

Most of these diagnostics have been developed at Saclay (Irfu) or Grenoble (LPSC), while others are available from
specialized commercial suppliers.

For all these diagnostics, expected signal levels have been estimated from simulations or from experiments conducted
on other machines. The associated electronics, some of which must be installed as close as possible to the diagnostic,
have been defined and specified to avoid loss of sensitivity, excessive noise, or saturation. Their control is interfaced with
the machine control system so that operators can operate and monitor them from the control room.

5.3 Conclusions on linac

The linac design (Figure 48 ) is nearly complete. The HEBT still needs to be finalized, and the choice of DTL structure
(Alvarez or IH cavities) will be made by the end of the year, once the IH cavity prototype has been qualified and the error
studies for the Alvarez structure have been completed.
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The 3D view of the components has been integrated into the facility’s 3D model. Interfaces with the other systems
located in the RF and control rooms will be defined during the detailed infrastructure design phase.

Figure 48 : Linac 3D view (IH-DTL version) (HEBT not yet finalised).

6 ICONE INFRASTRUCTURE (BOOK 5)

6.1 Introduction

The main function of the infrastructure is to bring all process equipment—i.e., the deliverables from WP2 to WP4—
into operational conditions. It is therefore designed to meet process requirements, which explains why its development
schedule is offset relative to that of the process.

Accordingly, the Preliminary Design (APS) of the infrastructure must be completed before that of the process, and
the same applies to the Detailed Design (APD) phase and then to the construction phase (Figure 49). However, infra-
structure construction must be completed before installation of the process equipment.

Process

Construction Operation

Infrastructure

Construction Operation

Figure 49 : Shift between the process and infrastructure phases
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6.2 The requirements

The requirements defined by each WP are documented and summarized in a dedicated file, whose first level, con-
cerning the infrastructure, is shown in Figure 50.

- WP1 defines the general operating conditions of the facility, in particular including safety rules, site input—output
flows, and the management of staff and users.

- WP2 specifies instrument requirements.
- WP3 specifies the needs of the target—-moderator-reflector (TMR) sets.

- WP4 specifies the linac requirements.

Level |Label Unit| Limits
0 ICONE
1 INSTRUMENTS
1 TMRs
1 LINAC
1 INFRASTRUCTURE

Value|Comments

From ICONE (WP1)

From INSTRUMENTS (WP2)

From TMRs (WP3)

From LINAC (WP4)

From INFRASTRUCTURE (WP5) Internal Requirements

Figure 50 : The requirements are sorted by WP.

The requirements have been applied to several areas:
- the process rooms,
- the laboratories, including workshops, testing, and storage areas,

- theoutdoor areas.

They are further broken down into several categories, an example of which is shown in Figure 51 :
- Safety (access, controls, alarms);
- Architecture (staffing levels, sizing, finishes);

- Technical systems (handling/transport, utilities, electricity, data).
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Hall Haut Flux

Hall Haute Résolution
Architecture
Effectif
Dimensions
Accés
Finitions
Sécurité
Control d'acces
Téléphone sécurité (nombre)
Systéeme RDO
Technique
Pont roulant
Air conditionné
Eau
Air comprimé
Fluides
Electricité

(G, BT, T, BT, BT, BT, RN NNV, BT, R, R NT, B, BT, BT, B O GVRR OV

Données

Figure 51 : Example of requirement breakdown for a given area (here, the HR hall).

6.3 Design description

The identification of requirements led to an initial infrastructure layout, organized into nine zones (excluding outdoor
areas). This layout was then integrated into a 3D model (Figure 52), which is being progressively refined as the process
design advances.

Hall HR

Hall HF

Bunker TMR 1
Bunker TMR 2
Maintenance TMR
Tunnel Linac
Service corridor

Tertiary building zone

o]l [~ o v ] afw]n]~]

User building zone

Figure 52 : 3D model (conceptual layout) of the infrastructure.
1. The High-Resolution Hall will host instruments using short pulses. It will accommodate the longest instruments;
2. The High-Flux Hall will host instruments using long pulses. It will contain shorter instruments;
3. The TMR1 bunker will house the High-Resolution target;

4. The TMR2 bunker will house the High-Flux target;
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5. The TMR maintenance hall will maintain the two TMRs in operational condition;

6. The linac tunnel will house the linac components;

7. The service corridor will house the systems that power and control the linac;

8. The tertiary area will include offices and certain laboratories;

9. The technical area will include laboratories for experiments and offices for users.

Each zone has been defined (with priority given to Phase 1) so as to meet the requirements expressed by the WPs.

This design work is currently being carried out in-house until the process reaches a sufficient level of maturity (end of
the process detailed design phase, APD), after which the finalization will be entrusted to an external engineering firm.
The preparation of the technical specifications is in progress.

6.4 Location

In October, CEA and CNRS have decided to locate ICONE at CEA-Saclay center.

ﬁ

Tourniquets

Figure 53 : ICONE will be located on at Saclay
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7 ICONE CONSTRUCTION PROJECT (BOOK 6)

7.1 Introduction

The objective of this project is to build the ICONE research infrastructure. Once this Research Infrastructure (Rl) is
delivered, the project will come to an end. The project is carried out under the auspices of the CEA and CNRS by CEA and
CNRS staff.

The first step was to define the requirements the facility must meet, i.e., the “scientific case.” Once the objectives
were clearly identified, the project was organized into work packages (WPs), and the overall requirements were allocated
to each WP. Each package then defined its deliverables as well as the activities and resources required to achieve them.
Synchronizing these elements made it possible to establish a preliminary schedule and produce an initial budget estimate
for the project.

In parallel, we also defined the project’s internal rules in the Project Management Plan, which is accessible to all
project stakeholders.

7.2 ICONE Project Management

The project is organized into work packages (WPs, Figure 54), under the supervision of a steering committee (COPIL)
representing the partners and a management committee (CODIR) representing the project owners. WP1 oversees pro-
ject execution. WPs 2 to 4 deliver the Process, i.e., all components contributing to the main function of the neutron
facility. WP5 brings the Process into operational condition. During the construction phase, a technical advisory board will
support the system engineer.

Executive Committee (CEA, CNRS, Ministry)

Steering Committee (CEA, CNRS)

Academic, industrial and
societal challenges

Project management (budget,
planning, risks, etc.)

WP1: PROJECT MANAGEMENT

Scientific Advisory b PL Resources
Board A. Desmedt (LLB) N. Pichoff (IRAMIS) Committee

PMO
M-A. Cavrois-Desmier (LLB)

WP2: INSTRUMENTS WP3: TARGETS-MODERATORS WP4: LINAC WP5: INFRASTRUCTURE
X. Fabréges (LLB) . F. Ott (LLB) D. Uriot IRFU) ., A. Ferland (IRAMIS)

Neutron Use Neutron Production Proton Production Facility Hosting

Figure 54 : ICONE Project Organigram

Once the team was formed, our first management activity was to break down the project requirement tree by WP
(RBS: Requirement Breakdown Structure). The first level is shown in Figure 55. Each WP inherited the full set of require-
ments issued by the other WPs (including WP1), which are then decomposed over about ten levels, enabling complete
and structured traceability of the project needs.
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Level |Label Unit| Limits Value|Comments
0 ICONE
1 INSTRUMENTS

From ICONE (WP1)

From INSTRUMENTS (WP2) Internal Requirements
From TMRs (WP3)

From LINAC (WP4)
From INFRASTRUCTURE (WPS5)

TMRs
From ICONE (WP1)
From INSTRUMENTS (WP2)
From TMRs (WP3) Internal Requirements
From linac (WP4)
From INFRASTRUCTURE (WP5)

LINAC
From ICONE (WP1)
From INSTRUMENTS (WP2)
From TMRs (WP3)
From LINAC (WP4) Internal Requirements
From INFRASTRUCTURE (WPS5)

INFRASTRUCTURE
From ICONE (WP1)
From INSTRUMENTS (WP2)
From TMRs (WP3)
From LINAC (WP4)
From INFRASTRUCTURE (WP5) Internal Requirements

Figure 55 : First levels of the ICONE Requirement Breakdown Structure (RBS)

Once the requirements were defined, the Work Package Leaders (WPLs), together with their teams, translated their
deliverables into a Product Breakdown Structure (PBS, Figure 56). This PBS makes it possible to capture and track in a
single file all installation components, as well as their maturity level, planned delivery date, and estimated cost.

Based on the PBS, we then recorded in the Work Breakdown Structure (WBS, Figure 57all tasks and associated re-
sources required to procure and develop the PBS components. From this, we can derive the project schedule as well as
the human and financial resources needed to successfully carry out the project.

We propose to build the facility in two phases:

- Phase 1: Commissioning of the nominal accelerator, irradiating a target—-moderator—reflector assembly that feeds
the large experimental hall (high resolution), hosting six instruments. Construction will focus on the minimum
infrastructure required to build and operate the facility, with laboratories and staff accommodation provided
nearby. ICONE could deliver its first neutrons to instruments as early as the beginning of 2033, with operational
commissioning planned for early 2034 (Figure 58).

- Phase 2: Addition of a new target—-moderator—reflector assembly feeding the small experimental hall (high flux),
which will host six additional instruments. Construction of the full infrastructure, including tertiary buildings and
associated laboratories, will be completed. ICONE could deliver its first neutrons to Phase 2 instruments in the
second half of 2036, with operational commissioning planned for early 2037 (Figure 59).
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Level |System Short |[Type Status |Delivery Cost
name date [k€]
0 ICONE Rar 31/12/2035
1 Instruments Rqr 31/12/2035
SAMBA (SANS) Rar 31/12/2032
NANOSANS (SANS) Rar 31/12/2035
PRESTO (Diffration) Rar 31/12/2032
DIFFHR (Diffration) Rqr 31/12/2035
REFLEX (reflectometer) Rar 31/12/2032
FANTASTIC (Spectrometer) Rar 31/12/2032
INEDIT (Spectrometer) Rar 31/12/2035
IMAGING (Imaging) Rar 31/12/2032
HRSPEC (Spin-echo; RD) Rar 31/12/2035
PPGA Rar 31/12/2035
HF Test Line Rar 31/12/2032
HR Test line Rar 31/12/2035
TMRs Rqgr 31/12/2035
TMR-High Flux Rar 31/12/2032
TMR-High Resolution Rar 31/12/2035
TMR-Common Rgr 31/12/2035
Linac Rar 31/12/2035
ECR proton Source Rar 31/12/2030
LEBT Rar 31/12/2030
RFQ Rar 31/12/2031
MEBT Rar 31/12/2031
IH-DTL Rar 31/12/2031
HEBT Rar 31/12/2031
RF Systems Rar 31/12/2031
Control System Rar 31/12/2031
COOLING Rar 31/12/2031
Vacuum Rar 31/12/2031
Infrastructure Rar 31/12/2035
Espaces controlés Rar 31/06/2031
Espaces support froid Rar 31/06/2035
Espaces tertiaires Rar 31/06/2035
Espaces Extérieurs Rar 31/06/2031

N

P
p
P
P
P
P
P
P
P
P
2
1
p
P
P
1
P
2
P
P
2
p
P
2
P
P
1
P
P
P
P

Figure 56 : First levels of the ICONE Product Breakdown Structure (PBS)
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18812.2.3 WP1-MANAGEMENT 364 sem. LUN 07/01/30 Ven 26/12/36 ititiiuit S S SHssi, susnunun suumu
20124 WP2-INSTRUMENTS PRODUCTION 364 sem. LUN 07/01/30 Ven 26/12/36 SENsHHIHIE SHRNIMINIHY SR SHIRIE SURIING Sunm
47125 WP3-TMRs PRODUCTION 156 sem. LuNn 02/01/34  Ven 26/12/36 usuuununit SUSSISRIRGE BRI SRUNGNNE SUNUNIELY BRuRunN
1430/1.2.6 WP4-LINAC PRODUCTION 364 sem. Sam 05/01/30 Ven 26/12/36 #istuiiuit SUSHINGNI SUNNNUN SHISHI SUNSINI SUNRI
1608/1.2.7 WPS-INFRASTRUCTURE PRODUCTION 364 sem. LUN 07/01/30 Ven 26/12/36 Suttuiti SHESUHHI SN SHISESISG SotHIN puun

Figure 57 : First levels of the ICONE Work Breakdown Structure (WBS)
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2026 2027 2028 2029 2030 2031 2032 2033 2034
123456789###123456789###123456789###123456789###123456789###123456789###123456789###123456789###123456789###

Phase 1
WP2-INSTRUMENTS PRODUCTION
Instrument HF1 (IMAGING) production
Instrument HF2 (PREMS) production
Instrument HF3 (SAMBA) production
Instrument HR4 (FANTASTIC) production
Instrument HR5 (PRESTO) production
Instrument HR6 (TBL2) production
WP3-TMRs PRODUCTION
Target production
Thermal Moderators (TM) production
Cold Moderators (CM) production
TMR Radioprotection (TMRR) production
Maintenance Room (MR) production
Integration
WP4-LINAC PRODUCTION
Source production
LEBT production
RFQ production
MEBT production
X-DTL production
HEBT production
Control-System production
RF-System production
Cooling System production
Linac Intégration on Site
WP5-INFRASTRUCTURE PRODUCTION
Mission Consultation |
Mission AVANT PROJET |
Mission PRO #[#|#[#|# |
Mission DCE #]4 |
Mission ACT / Phase 1 Rl i K G e i il |
I
I
I
I

Mission EXE / Phase 1 EAE e A E Ed Ed E
Mission DET / Phasel (4|4 (4|40 | |0 |0 (0 (0 (0 | (0
Mission DESS / Phasel | #[#
Mission AOR / Phasel Ldkd b b e b b b el e R el el K e kel Kl e e K K e K
Reception / Phasel #
Levée des Reserves / Phase 1 | ##

H
T

Figure 58 : ICONE Phase 1 schedule
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2029 2030 2031 2032 2033 2034 2035 2036 2037
123456789 ###123456789###123456789###123456789###123456789##4#123456789###123456789###123456789###123456789¢#¢#4#
Phase 1
WP2-INSTRUMENTS PRODUCTION
WP3-TMRs PRODUCTION
WP4-LINAC PRODUCTION
WP5-INFRASTRUCTURE PRODUCTION [T11

Phase 2 Studies ANTICIPATION Phase 2 start

WP2-INSTRUMENTS PRODUCTION
Instrument HF4 (NANOSANS) production
Instrument HF5 (PULSE) production
Instrument HF6 (TBL1) production
Instrument HR1 (PRECIS) production
Instrument HR2 (CONTEXT) production
Instrument HR3 (INEDIT) production

WP3-TMRs PRODUCTION
Target production

Thermal Mod s (TM) prod
Cold Moderators (CM) production
TMR Radiop ion (TMRR) production

Maintenance Room (MR) production

TMR2 Integration on Site
WP4-LINAC PRODUCTION

Source update

LEBT update #

RFQ update

MEBT update

X-DTL update

HEBT production

Control-System update

RF-System production update

Cooling System update

Linac Integration on Site
WP5-INFRASTRUCTURE PRODUCTION \# (4 |4 [ ## |# # ) #

Figure 59 : ICONE Phase 2 schedule
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Following the top-down parametric estimate of the preliminary design budget, we carried out a more detailed bot-
tom-up analysis, which requires more mature input data.

7.3 Conclusion on Project management

The project benefits from a solid structure: objectives are clearly defined, roles are assigned, planning is established,
and resources have been assessed. The start of 2026 will be dedicated to consolidating these elements, especially the
infrastructure, in order to enable the immediate start of the construction phase once approval is granted.
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8 GENERAL CONCLUSION

ICONE is part of a context in which access to neutrons in France and Europe is declining: the shutdown of national
sources and delays in the commissioning of ESS are reducing experimental opportunities for the scientific and industrial
community. Ensuring the French scientific and industrial community continuous access to neutrons is essential to support
fundamental research, industrial innovation, and sovereign needs in strategic areas such as energy, advanced materials,
guantum physics, and security. Neutron scattering is, like X-ray diffraction or electron microscopy, an indispensable tool
for studying matter at the atomic and molecular scale, offering unique contrast for certain light elements and specific
access to the magnetic structure of materials.

From the preliminary design phase onward, the project has been structured around a rigorous scientific and technical
approach. A Scientific Advisory Board involving potential users validated the relevance of the Phase 1 neutron-scattering
instruments, while the project team defined the full set of requirements for the Process components (targets, moderator-
reflectors, accelerator, diagnostics, control systems). Each Work Package (WP2 to WP4) specified these requirements to
ensure design consistency and solution robustness.

During the detailed design phase (APD), many technological and operational challenges were addressed: qualification
of AIBeMet target prototypes, optimization of thermal and cold moderators, validation of monolith and bunker concepts,
testing of beam diagnostics, and development of an integrated control-command chain. These advances now significantly
reduce construction and operational risks, while preserving flexibility for alternative solutions.

France has all the assets required to carry out this project: scientific and technical expertise within CEA and CNRS
laboratories, industrial capabilities for component manufacturing and integration, and recognized experience in operat-
ing neutron and accelerator facilities.

On this basis, Phase 1 construction of ICONE could begin in early 2026, with delivery of the first neutrons to instru-
ments expected in early 2034.

The project will ensure continuity and independence of neutron access in France, while strengthening national scien-
tific and technological capabilities and opening new opportunities for both fundamental and applied research.



