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This document presents a broad overview of the current
status of neutron science in Switzerland and derives a set
of recommendations for future developments.

The main objectives have been to survey and analyse

— the unique contributions that neutron probes provide
across scientific and technological fields and disci-
plines;

— the growing and broadening Swiss neutron science
community; and

— provisions needed to ensure continuing and sustaina-
ble success.

We identified an ever-increasing number of areas across
a wide spectrum of disciplines in which neutron probes
are used to address grand scientific, technological and so-
cietal challenges. These range from fundamental research
in physics and material science to uses in energy research,
health science and cultural heritage, among other fields,
as well as in industrial R&D programmes. We stress that
the list of topics is by no means exhaustive, and many area
are only indirectly represented, for example structural bi-
ology and operando techniques.

Our survey also portrays a vibrant and highly successful
Swiss neutron science community, which is making re-
markable impact both in fundamental sciences and on so-
cietal challenges, and at the same time provides education
and training for the future generations of this growing and
increasingly more diverse community. This is a central
aspect especially for those communities that use neutron
probes primarily as tools alongside other analytical tech-
niques.

These developments are largely based on access to both
a national neutron source (SINQ at the Paul Scherrer In-
stitute) and leading facilities in Europe and worldwide.
In order to sustain this progress, first and foremost pro-
visions have to be made to ensure adequate access for
Swiss-based researchers to the neutron experiments. This
access should be commensurate with the growing need of
a widening user community. Extrapolating from biblio-
metric analyses presented in this document, we project a
20% growth over the coming decade in the number of sci-
entists using neutrons and a similar increase in demand
for beamtime.
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Our key recommendations are therefore to take adequate
measures to ensure that

— Switzerland continues to have a state-of-the-art nation-
al neutron source; this can be accomplished by a con-
tinued upgrade programme of SINQ in the near- to mid-
term, and forward-looking modernisation plans for the
long term (beyond 2030);

— Switzerland remains a member of leading international
facilities, in particular of the Institut Laue-Langevin
(ILL) in Grenoble, France, and the new European Spal-
lation Source (ESS) in Lund, Sweden; the level of mem-
bership has to reflect the strong and growing demand of
the community, so as to guarantee a sufficient amount
of beamtime.

The implementation of these measures will provide a sol-
id basis for the Swiss community to remain at the forefront
of neutron science and technology, and to react to emerg-
ing trends and new opportunities, which can be expected
in particular in the context of ESS, which will be the most
powerful neutron source worldwide when its user pro-
gramme starts in 2023. Similarly, the upgrade programme
for the national neutron source SINQ and planning for a
potential new source should be informed by both the core
group of those developing neutron methodology and tech-
nology, and the ever more diverse needs of the user com-
munity. Finally, the trend towards increased industrial
use might further accelerate the demand for beamtime. In
view of these anticipated developments, we recommend
to review and update the present document in regular in-
tervals.
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2 Findings and Recommendations

As detailed in the following chapters, the major findings
of our survey and analysis are as follows.

Finding 1: Neutron probes provide essential contributions
to a wide and increasing number of disciplines across
the spectrum of grand scientific, technological and soci-
etal challenges, as well as to industrial R&D programmes
(Chapter 3).

Finding 2: The Swiss neutron science community is
world-leading in the field and growing in number and di-
versity (Chapter 4).

Finding 3: The success of the Swiss neutron community is
based largely on access both to the national neutron sour-
ces SINQ and UCN and to the currently world-leading fa-
cility ILL (Chapter 5).

From these findings we derive that it will be of vital im-
portance that access to neutron instruments increases in
the future, in line with the growing need of the widening
neutron user community. In order to ensure such access,
we recommend following measures:

5

Recommendation 1: The provision of a state-of-the-art na-
tional neutron source involves continued upgrading of SINQ
and its proton accelerator at PSI until 2030 and beyond. This
will ensure reliable national access to neutron scattering in-
strumentation for Swiss groups for the coming 10-15 years.
Recommendation 2: We recommend that SINQ is expanded
with a northern neutron guide hall, allowing for a minimum
of six new instruments. This is a cost-effective way to in-
crease high-performance neutron capacity in Switzerland,
and offers opportunities for Swiss universities and interna-
tional partners to maintain or increase their involvement
in SINQ.

Recommendation 3: We recommend the establishment of
a national funding programme for innovative instrumenta-
tion, targeting consortia consisting of groups at universities
and national laboratories. This will enable the development
of unigue instrumentation needed by university-based
groups, and strengthen the synergies between universities
and large-scale facilities.

Recommendation 4: For access of the Swiss neutron science
community to world-leading facilities, Switzerland should
remain member of the ILL facility at an adequate percent-
age for as long as ILL can continue operation, and must be
a member of the new European Spallation Source ESS at a
sufficient level to meet the strong Swiss demand. Along-
side the financial commitment of direct Swiss membership
to these facilities, we recommend to leverage international
use of SINQ for increased Swiss access to leading European
facilities.

Recommendation 5: For the time beyond 2030, plans must
be made to either modernise the proton accelerator feeding
SINQ and possibly the target-moderator systems, or to ex-
plore construction of a new high-brilliance source exploit-
ing latest neutron technologies.
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3 Science Drivers

Neutron probes are advanced analytical techniques pro-
viding unique insight to an exceptionally broad range of
systems of scientific, technological and societal impor-
tance, from the fundamental forces of our universe and
quantum physics, to innovative smart materials, to energy
technology, life science and industrial solutions. Along-
side electrons and (optical and X-ray) photons, neutrons
reveal structure and dynamics from atomic to microscopic
length scales. Free neutrons interact with matter through
the strong nuclear force and also electromagnetically
due to their magnetic moment and, therefore, are truly
complementary to electron and photon radiation, which
predominantly interact electromagnetically. As neutrons
are charge neutral, they can penetrate much deeper into
matter than photons or charged radiation such as elec-
trons. This is often a decisive advantage for studies under
extreme environments, including low temperatures, high
magnetic or electric fields, high pressure, or particular
solvent conditions, which can severely limit the use of
electron radiation and photon probes.

The production of neutron radiation for fundamental sci-
ence and materials science happens through nuclear re-
actions that are realized in nuclear reactors or by bom-
barding a heavy-metal target with a high-energy beam of
charged particles such as protons, as realized in the Swiss
neutron spallation source SINQ. A neutron source there-
fore is a large-scale facility (Fig. 1), producing typically
on the order of 1014 to 1015 neutrons per cm2 and second
(see also Fig. 18).

The neutron radiation is guided to the experiment sta-
tions. Neutron beamlines are usually dedicated to the
determination of structural (elastic measurements) or
dynamic features (inelastic measurements) and a certain

PAUL SCHERRER INSTITUT
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range of length and time scales. A neutron centre has typ-
ically 10 to 40 beamlines to cover the demands of the user
community from all research areas.

The Swiss neutron science community includes experts
pushing the technique forward as well as a wide range of
scientific groups using neutron experiments as a central
element in their research, and an increasing number of
industries benefiting either from direct neutron measure-
ments or from collaborating with scientific groups using
neutron probes. The Swiss neutron community is remark-
ably productive, accounting for ~10% of neutron science
publications in Europe (see Sec. 4.1), which is the leading
neutron-science region worldwide (see Sec. 5.1). If nor-
malized to population, Switzerland can therefore justi-
fiably be considered the leading neutron science nation
worldwide.

This leadership position is reached through the combi-
nation of an overall strong science and technology envi-
ronment with access to neutron facilities, most notably
the Swiss neutron source SINQ and the ultracold neutron
source UCN at PSI. As the Swiss neutron science commu-
nity grows both in number and into new scientific fields,
it is imperative that Swiss scientists have sufficient access
to state-of-the-art instruments of the type needed for their
research.

When considering future directions of neutron science
in Switzerland and worldwide, the importance of inter-
disciplinary research cannot be overstated. That research
fields grow by reaching across disciplinary boundaries
and connecting to other bodies of work seems to be an

EUROPEAN
SPALLATIONSSSS
SOURCE

Figure 1. Three of the main facilities used by the Swiss neutron science community: Institut Laue-Langevin (ILL) in Grenoble (France),
the Swiss neutron spallation source SINQ at the Paul Scherrer Institute (PSI), and the European Spallation Source (ESS) in Lund, Sweden
(under construction). (Credits: https://de.wikipedia.org/wiki/Datei:ILL_Grenoble_soleil.jpg, Scanderbeg Sauer Photography/PSl, ESS)


https://de.wikipedia.org/wiki/Datei:ILL_Grenoble_soleil.jpg
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intrinsic aspect of the scientific endeavour.' Neutron sci-
ence is no exception. The European Neutron Scattering
Association (ENSA) has recently conducted a natural
language processing (NLP) analysis assisted by machine
learning within the EU-funded BrightnESS2 project, and
that study revealed clear signatures of growing complex-
ity and interdisciplinarity in research involving neutron
probes. The analysis considered some 46,000 journal pa-
pers published between 1956 and mid-2020 reporting re-
sults based on neutron probes; works related to, for exam-
ple, neutron stars or particle physics were excluded. Over
the period considered, the number of authors per ‘neutron
publication’ increased clearly, a trend that was found to
be somewhat more pronounced for publications with at
least one European author (see Fig. 2).

The same analysis also classified the papers into coarse
categories, revealing, among other things, that in the past
70 years neutron research as a whole has become less ‘fun-
damental’ and more ‘applied’. For example, the number
of publications related to biology and material science
increased at a noticeably faster pace than those related
to magnetism. However, in all categories the number of
works increased.

This expansion in volume, scope, and interdisciplinarity
is a development that we also witness in the Swiss neu-
tron science community (see Sec. 4.1 for further results of
the ENSA analysis, specific to Switzerland). For the pur-
pose of this document, we selected a number of areas in
which neutron probes have contributed substantially to
the understanding of fundamental constituents of matter,
material systems, and devices, with a focus on interdisci-
plinary research. The overview is not meant to be exhaus-
tive; instead, we focus on areas where we expect that in
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Figure 2. Number of authors per ‘neutron publication’ by year.

the coming years neutron probes will help to address im-
portant scientific, technological and societal challenges.

The sections of this chapter are organized in an order
roughly proceeding from fundamental to applied re-
search, including industrial R&D.

Fundamental physics with neutrons addresses a broad
spectrum of scientific questions and often has far-reach-
ing implications in the realm of particle physics and cos-
mology. Low-energy experiments represent an important
complementary approach to high-energy collider experi-
ments, such as those performed at the Large Hadron Col-
lider (LHC) at CERN. In low-energy physics, high-pre-
cision experiments are performed to search for smallest
deviations from the Standard Model of particle physics
(SM). The explored energies are up to 35 orders of magni-
tude lower than in present collider experiments, that is,
in an entirely different regime of particle physics. None-
theless, this research can provide indirect, but unambigu-
ous, evidence for new physics at much higher energy
ranges, for example probing supersymmetric theories at
the TeV scale. The neutron represents the ideal tool for
such investigations. Either the fundamental properties of
the neutron itself are measured, or the neutrons are used
as highly sensitive probes to search for new phenome-
na, exotic interactions, dark-matter candidate particles,
neutron-to-antineutron oscillations, mirror-neutron os-
cillations, or to test gravitational interaction. Several in-
ternational research groups, often organized in small and
medium-sized collaborations, are presently conducting
fundamental neutron physics at various large-scale facili-
ties around the world.

Particularly important properties of the neutron with re-
spect to fundamental physics are its electric dipole mo-
ment (EDM), lifetime, decay coefficients, and electric
charge. The discovery of a permanent EDM would violate
parity (P) and time-reversal symmetry (T), and, invoking
the CPT theorem, also the combined CP symmetry. In the
1960s, Sakharov pointed out that CP violation is one nec-
essary ingredient for explaining the observed large domi-
nance of matter over antimatter in our universe. However,
so far the only known CP violation arises from the com-
plex phase in the Cabibbo-Kobayashi—-Maskawa (CKM)
quark mixing matrix and is far too small to account for
this matter—antimatter asymmetry. The search for an
EDM therefore represents a highly promising pathway for
testing new physics theories, i.e., extensions of the SM




that naturally introduce new sources of CP violation. Al-
though neutron-EDM searches have been performed since
the 1950s, they are yet to produce a non-zero result. Cur-
rently, several research teams worldwide are aiming to
perform next-generation EDM searches with ever-higher
sensitivities.

Similarly, the lifetime of the free neutron is of major im-
portance for the understanding of our universe and how
it evolved. A few minutes after the Big Bang, free pro-
tons and neutrons started to combine and form nuclei in a
process known as nucleosynthesis. This process and the
abundance of helium as well as other light nuclei in our
universe today is tightly bound by the number of available
neutrons at that epoch, and thus to the neutron lifetime.
Despite decades of performing increasingly accurate ex-
periments using various different approaches, there is no
agreement on how long neutrons live. The unsolved co-
nundrum has been dubbed the ‘neutron lifetime puzzle’.
Decay coefficients provide an even more detailed way to
characterize the neutron decay process. They describe the
angular momentum (spin) and energy-dependent distri-
bution as well as the correlation of the neutron with the
other decay particles: proton, electron, and electron anti-
neutrino. Studying these parameters leads to a determina-
tion of the (relative) strength of the axial-vector and vector
couplings of the weak interaction, searches for discrete
symmetry violations, and unitarity tests of the aforemen-
tioned CKM matrix, which provide important informa-
tion regarding the completeness of the three-quark-family
picture of the SM.

Last, the name of the neutron implies that it possesses no
electric charge, which has been experimentally tested to
an impressive upper limit of about 10 electron charg-
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es. However, the question of charge quantization and the
neutrality of neutrons, neutrinos, and atoms remains un-
der debate. Direct measurements of the neutron charge are
additionally motivated by the possibility that the charge
of a free particle might be slightly different in magnitude
compared to its charge when bound in an atom. One im-
mediate consequence of a finite neutron charge would be
that a speculative neutron-to-antineutron oscillation is
forbidden as long as charge conservation is valid.

Fundamental physics experiments usually employ beams
of cold or so-called ultracold neutrons (UCNs). As with an
ideal gas, here the temperature is a measure for the mean
velocity of the particles. For example, ‘ultracold’ neutrons
are those with a speed of only a few metres per second — so
slow that such neutrons can be stored for several hundred
seconds in magnetic or material traps. These long obser-
vation times then allow high-precision measurements of
the neutron’s fundamental properties. In Europe, the main
beamlines for fundamental physics experiments and UCN
sources are currently located at the Paul Scherrer Institute
(PSIUCN source and partially the BOA beamline at SINQ)
and at the Institut Laue-Langevin in France (PF1b, PF2,
the planned SuperSUN source, and other instruments). In
Germany, another smaller-scale UCN source is operation-
al at the TRIGA reactor in Mainz. At the FRM II in Mu-
nich, the PERC instrument is currently under construc-
tion, which will serve as an intense source for neutron
decay particles to perform more precise measurements of
neutron decay coefficients. At the European Spallation
Source (ESS) in Sweden, which is under construction,
exciting new possibilities are currently discussed. This
includes a future fundamental physics programme and
a cold-neutron fundamental physics beamline as part of
the ESS instrument suite. The realization of these propos-

Figure 3. The new magnetically shielded room for the n2EDM experiment under construction at PSI (left) and design of the n2EDM apparatus (right).
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als would largely strengthen the community and provide
room for new ideas and projects in the field. Moreover, the
pulse structure of the ESS with its high peak brightness
provides tremendous advantages and novel possibilities
for certain precision experiments with cold neutrons, for
instance neutron velocity/energy-dependent measure-
ments, beam-related background reduction, and the lo-
calization of the neutron pulse in space. These systematic
advantages would be accompanied with an increase in
neutron statistics.

In Switzerland, the main groups performing fundamental
neutron physics research are located at the University of
Bern, ETH Zurich, and PSI. These three groups are also
members of a neutron EDM flagship experiment, which is
performed within an international collaboration consist-
ing of a total of 16 institutions from eight countries and
more than 50 scientists. The so-called nEDM experiment
is located at one of the world’s strongest UCN sources at
PSI (https://www.psi.ch/en/ucn). In 2020, after several
years of installation and upgrades of the apparatus and
careful data-taking, the collaboration finally published the
most stringent limit on the EDM of the neutron.’ The same
nEDM apparatus has also been used in several side-anal-
yses, such as searches for mirror-neutron oscillations,
searches for Lorentz invariance violation, and searches
for axion-like particles, which are candidates for dark
matter in the universe. The Swiss members of the collab-
oration are also playing leading roles in the development
and construction of the next-generation n2EDM project,
with the goal of improving the sensitivity by one order
of magnitude, to push the limit further or to discover a
finite EDM (see Fig. 3). In addition, the group at the Uni-
versity of Bern currently pursues a second neutron EDM
project, which aims to directly benefit from the planned
ESS pulse structure. The project, entitled Beam EDM, is
funded through an ERC grant and employs a novel con-
cept to measure the neutron EDM using a time-of-flight
Ramsey apparatus with a pulsed cold neutron beam. The
advantage of this method is that a previously limiting sys-
tematic relativistic effect, which arises from the motion of
the neutrons through an electric field, can be overcome.
The project is currently in the proof-of-principle phase.
The ultimate perspective would be to perform a competi-
tive beam-type measurement with a full-size apparatus at
the ESS in the coming decade.

Finally, an important point in fundamental physics with
neutrons is the synergies and co-operations of scientists
from this field with other researchers from neutron scat-
tering and imaging. The transfer of knowledge and hard-
ware is mutually beneficial and provides a route to im-
proving instruments and experiments, and to developing

novel ideas. A strong overlap of interests can be found in
detector technology, spin-manipulation techniques, sam-
ple environment, neutron optics, and precision mechan-
ics.

Quantum materials, whose properties include magnetism
and superconductivity, already lie at the heart of our daily
lives. Ferromagnets underpin technologies from data stor-
age to electric transformers, and superconductors provide
ultra-sensitive detectors and magnetic resonance imaging,
as well as the promise of levitating-transport solutions. To
achieve further technological gains, current research tar-
gets the ability to manipulate the all-important electron-
ic wavefunctions. For example, despite the widespread
applications of ferromagnetism, its drawbacks include
a large associated stray magnetisation and a high ener-
gy cost for switching the magnetisation direction. These
limitations can be overcome by using differently struc-
tured materials that instead promote antiferromagnetism,
or possibly more exotic spatial arrangements such as mag-
netic spirals. These complex magnetisation distributions
possess new magnetic properties that might themselves
underpin functional behaviour of use to society. Current
research in quantum materials aims to discover new forms
of magnetic order and new phases driven by the quantum
interactions of electrons, if possible at room temperature.

Because neutrons are an unparalleled probe of magnetism
in all its forms, from the atomic scale to imaging macro-
scopic magnetic-field structures, they have an indispen-
sable role both for investigating the fundamental physics
of quantum materials and for developing the hardware on
which the digital and quantum-technologies revolutions
will be built. Here we highlight representative areas of
quantum and topological materials research, illustrated
in Fig. 4, that can only be pursued experimentally using
neutron-science instrumentation.

3.2.1. Quantum Magnetism

At the fundamental level, quantum magnetic materials
provide the cleanest realisation of interacting many-body
systems with complex, correlated and non-commut-
ing degrees of freedom. The challenge one may address
is therefore nothing less than understanding the entan-
glement structure of the quantum wavefunction. Elastic
and inelastic neutron scattering experiments continue to
reveal new forms of exotic quantum order and topology
in the ground state and fractional or collective excited
states. This makes neutron experiments integral both to
revealing elementary physical models and, by extension,
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Figure 4. Applications of neutron science in quantum and topological materials research. The data shown in panels a-d were obtained
from four different experiments at SINQ. Also indicated are the domains in which the research is expected to have a broad impact, which
range from deeper physical understanding to the needs of a green and digital society.

to their adaptation for future applications. In Fig. 4a, we
show state-of-the-art neutron spectroscopy measurements
obtained at SINQ from a quantum magnetic dimer mate-
rial, which led to a quantitative model description of the
microscopic interactions and hence to an understanding
of quantum critical scaling in any modulated layered sys-
tem.

3.2.2 Functional Magnetism

The periodic table provides a wealth of combinations for
building quantum magnetic materials. These are often ox-
ides of 3dtransition-metal ions or of 44, 4/and 52magnet-
icions, which by their spin—orbit coupling introduce a va-
riety of interactions between electronic orbitals of varying
extent. In this context we highlight magnetoelectric mul-
tiferroics, a class of system being investigated with the
goal of near-lossless control of the magnetisation by ap-
plied electric fields, rather than by magnetic fields, whose
components are energy-intensive and hard to miniatur-
ise. The challenge is that nearly all such multiferroics
display their spiral magnetic texture only far below room
temperature. Figure 4b highlights a recent breakthrough
achieved at SINQ, in which neutrons revealed unambigu-
ously that the temperature range of the spiral order in an
oxide system can be raised to room temperature by care-
ful control of the chemical composition.” This develop-
ment paves the way for using quantum materials in high-
speed, low-power switches. Neutrons are also integral to
research into materials for antiferromagnetic spintronics,

4  T.Shangetal, Sci. Adv. 4, eaau6386 (2018)

a technology that will extend high-speed, low-power op-
eration to information storage and manipulation with
classical digital bits.

3.2.3 Topological Magnetism

Tailored spin anisotropies and non-centrosymmetric
geometries can be used to build Ising or XXZ magnets,
simple models with discrete quantum bits, and the Dyza-
loshinskii—-Moriya interactions that are crucial to create
the most complex magnetisation textures. These include
magnetic helices, vortices and skyrmions, whose topo-
logical properties in real space mean that the organising
principles of their magnetism are in a class fundamentally
different from common, more trivial forms such as fer-
romagnetism. Consequently, these topologically nontriv-
ial magnetic structures are robust against decay, which
makes them extremely attractive for information-flow and
data-storage applications. The prospects for such applied
topology received a huge boost from recent observations
made at SINQ of the first topological skyrmion phase to be
discovered at room temperature,” which is shown in Fig.
4c. Complementary to nontrivial magnetic topology in
real space are systems with topological electronic struc-
tures, most notably Dirac and Weyl materials, which offer
the most promising route to topological magnetic prop-
erties in reciprocal space. The use of topological magnet-
ic excitations for the transmission and manipulation of
protected quantum information has already gained the
moniker ‘topological magnonics’, and its development to-

5 Y. Tokunaga et al., Nat. Commun. 6, 7638 (2015)
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wards the end goal of quantum computation will be pos-
sible only through the capabilities of neutron experiments
to characterise the full spectrum of topological excitations
in suitable magnetic materials.

3.2.4 Topological Superconductivity

Superconductivity is perhaps the ultimate form of macro-
scopic quantum coherence, and fundamental open ques-
tions in this field range from quantitative details of the
pairing mechanism, required to enhance critical tempera-
tures, fields and currents, to qualitative issues of symme-
try and topology, which are required to protect and ma-
nipulate quantum information. In the latter context, Fig.
4d highlights recent neutron studies of the vortex phases
in a chiral spin-triplet superconductor, again performed
at SINQ.° These results revealed that the superconducting
state is protected topologically, meaning that the electron
pairs cannot decay trivially and that the vortices should
contain fractional Majorana fermion excitations. The top-
ological nature of Majorana fermions makes them further
candidates for use in quantum computing and quantum
information security. Future studies mandate the explora-
tion of unconventional superconducting symmetries and
topologies as a route to qubit protection, while the range
and sensitivity of technologies based on superconducting
switches and devices needs to be improved. Also in this
context, neutron scattering will provide an essential un-
derpinning for both microscopic investigations, meaning
of electrical and magnetic properties at the atomic level,
and for imaging of functional devices.

In summary, neutron scattering is a technique vital for
the development of new quantum materials, because the
use of electron spins and collective spin states as bits and
qubits forms the backbone of quantum information storage
and manipulation, now known as the quantum technol-
ogies revolution. Figure 4 represents a sample of present
research into quantum and topological materials where
neutron science plays an unrivalled role. Further areas of
intense activity include quantum spin liquids, spin ices,
proximate Kitaev physics, quantum phase transitions,
and magnetically mediated superconducting phases. In
all cases, the initial aim is to discover new physical para-
digms but the critical end goals include the generation of
new applications to enable the transition to a digital and
green (i.e., low-power) society. Decades of development
in both neutron sources and instrumentation have made
neutron scattering the tool of choice for investigating all
facets of bulk quantum and topological quantum materi-
als, but the drive towards smaller or thinner samples and

faster processes provides a continual mandate for techni-
cal development.

Materials are considered as ‘smart’ — or, functional — when
they possess one or several properties that can be readily
tuned. Some such materials show also intrinsic coupling
among their tuneable properties, which can be exploit-
ed for cross-control of multiple properties. These charac-
teristics make them particularly appealing for magnetic,
optical and electronic applications, an increasingly grow-
ing sector in the continuous search for cheap, fast and
low-power technologies. Similarly, properties of soft ma-
terials can be tuned, for example, by changes in tempera-
ture or pH value.

Understanding the origin of the properties of smart ma-
terials is of fundamental importance for material design,
and requires the use of neutrons for accessing information
about the atomic and magnetic structures, as well as about
the fundamental interactions at the origin of their unusu-
al properties. This is due to the superior capabilities of
neutrons for detecting light atoms such as hydrogen or
oxygen, which are directly linked to the ability to tune
properties in many such materials. As neutrons interact
with magnetic moments, they provide unique modalities
for accessing complex magnetic properties of materials,
a necessary information to unravel their intriguing mul-
tifunctionalities. Moreover, the wavelength of cold neu-
trons is, combined with small-angle scattering techniques,
well suited for probing mesoscopic length scales, which
makes cold neutrons indispensable probes for many com-
plex materials.

3.3.1 Crystalline Smart Materials

Among smart materials, correlated transition-metal ox-
ides (TMOs) occupy a prominent place, due to their re-
markably large palette of electronic, magnetic and optical
properties. Moreover, the recent progress in thin-film and
heterostructure fabrication enables the growth of many of
them in forms that are more suitable for technological ap-
plications. A distinctive aspect of these materials is the
competition of phases with very different electric/mag-
netic and/or optical properties close to a phase bounda-
ry. Tiny structural changes, or small external stimuli such
as temperature, pressure, electric or magnetic fields, can
therefore result in very large changes in properties of such
materials. This can be exploited in devices requiring ro-
bust switching between two different states. For example,
resistive switching devices know as memristors incorpo-
rating TMOs with spontaneous metal-to-insulator transi-



tions such as VO, or SmNiO; have generated considerable
interest, with a view to uses in memory, logic and neuro-
morphic applications.” Due to their deep penetration into
matter, neutrons are ideally suited for investigating in-situ
property switching in bulky sample environments.

An example of multifunctional smart materials are the so-
called magnetoelectric multiferroics, characterized by an
intrinsic coupling between (ferro)magnetism and ferroe-
lectricity, two properties that were for a long time believed
to be mutually exclusive. The experimental demonstra-
tion that both types of order cannot only coexist but also
be strongly coupled in the same material has challenged
the scientific community, resulting in a rapidly growing
interest at both fundamental (see Sec. 3.2.2) and applied
level during the past two decades. These discoveries
have raised enormous expectations about the possible
cross-control of the magnetic and electric properties, and
its use in low-power data-storage technologies. In most of
today’s hard disks, the information is stored in magnetic
bits that are written using magnetic fields generated by
electric currents. If instead a voltage pulse could be em-
ployed, energy dissipation and heat accumulation could
be significantly reduced, reducing the enormous, contin-
uously growing energy consumption associated with data
storage. A spintronic logic device prototype incorporating
the multiferroic oxide BiFeO, has been recently proposed
by Intel,” and it is important to underline that the details
of the magnetoelectric coupling used in this prototype
could be established with neutron probes.

3.3.2 Soft Matter

Many materials with building blocks on the mesoscopic
scale, from nanometres up to a few microns, are ‘soft’, as
the density of their building blocks is much smaller than
in atomic or molecular crystals and, therefore, the energy
density due to the interaction of the building blocks is
much lower. This general class of soft condensed matter
comprises diverse systems, including polymers, amphi-
piles, liquid crystals, and complex fluids such as colloi-
dal suspensions. As a consequence, current soft-matter
research focusses on fundamental properties and appli-
cations of a range of materials classes, including proteins
and cell membranes, polymers used in the production of
plastics, and liquid crystals, for example for display ap-
plications.

The contributions of research using neutrons to this broad
field are similarly diverse. Neutron scattering and imag-
ing are often the tools of choice for the study of soft mat-
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ter, as the mesoscopic length scales can be covered with
thermal neutrons and, in particular, with small-angle neu-
tron scattering. Furthermore, many soft-matter materials
are aqueous systems, for which contrast matching with
light and heavy water is an advantage that only neutron
scattering and neutron imaging can offer. In addition to
their structures, also the dynamics of mesoscopic systems
such as macromolecules or membranes can be studied
with quasi-elastic neutron scattering or neutron spin-echo
spectroscopy.

As an example, smart polymer nanoparticles are an active
research field, as polymer particles can react to changes
in their environment such as temperature, pH, or (osmot-
ic) pressure, therefore offering great promise with regard
to applications. Such polymer nanoparticles (microgels)
can, for instance, be used to carry drugs and release them,
when triggered by a change in pH, at the desired location
in the body (see also Sec. 3.6). Similarly, the response of
microgels to a change in temperature can be used to con-
trol the viscosity of biomedical, pharmaceutical, or cos-
metic products, or they can serve as the basis for smart
microlenses or photonic crystals in optical sensing appli-
cations.

Whereas many potential applications are pursued, the
fundamental properties of the collective (colloidal) be-
haviour of concentrated microgels is not sufficiently un-
derstood, particularly for soft and deformable microgels.
In contrast to the hard and rigid colloidal particles, these
materials change their volume and shape when they in-
teract. As a result, the particle—particle interaction and
phase behaviour of microgels is more complex, because
not only the colloidal but also the intrinsic degrees of free-
dom of the particles are relevant.

Small-angle neutron scattering (SANS) is an ideal tool to
study both the internal structure of microgels and their
collective (colloidal) behaviour. Contrast matching and
the controlled deuteration of microgels makes it possible
to follow the structural change of these smart nanopar-
ticles even in the most concentrated environments, and
their interactions and phase behaviour are directly linked
to the structure factor, which is also obtained in SANS
experiments.

A further example of using neutron probes in soft matter
research is given in Sec. 3.4.1, in the context of work to-
wards optimized polymer membranes for fuel cells.
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3.3.3 Designer Nanomaterials

Nanocrystalline materials consist of inorganic particles
(up to 100 nm in size) that are stabilized by attaching a
layer of surfactants to their surface. These materials have
properties that are distinct from their bulk counterparts,
making them interesting for a variety of applications. The
small grain size gives the surface of the crystallites ex-
traordinary relevance, where the missing continuation of
periodic order leads to altered structure and dynamics. It
is increasingly recognised that ligands and surface chem-
istry have an active role and that, when used wisely, can
contribute to the success of devices. Neutron scattering
can uniquely contribute to the understanding of static and
dynamical properties of this type of materials and pave a
path toward future developments.

Neutron diffraction can be applied to study the atom-
ic-scale structure, with emphasis on magnetic proper-
ties and light-element positions or, together with X-ray
powder diffraction (XRD), to solve complex, for example,
phase-change problems. The SANS technique, together
with isotope contrast variation, delivers structural infor-
mation on the mesoscale (shape and core-shell structure
and superlattices), while allowing to characterize macro-
scopic sample volumes, contrary to high-resolution imag-
ing techniques. A recent example with Swiss contribution
demonstrates the possibility of three-dimensional recon-
struction of nanostructured materials, following the way
of data analysis applied in the field of biological macro-
molecules.”

The dynamics of nanocrystalline assemblies — superlat-
tices extend over several decades — can be well addressed
with neutron spectroscopy. For example, the long-term
collaboration between ETH Zurich and PSI explored the
dynamics in semiconductor PbS colloidal nanocrystals
(also known as quantum dots), which is a well-estab-
lished material for various opto-electronic applications.
The phonon spectrum of the PbS nanocrystals, and its
alteration at the surface, is strongly related to their opti-
cal properties due to unexpectedly high electron—phonon
coupling. The combination of inelastic neutron scatter-
ing, computer simulations and thermal admittance spec-
troscopy has enabled the identification of a new electron-
ic-transition pathway, mediated by the large number of
low-energy phonon modes, which arise from the softened
nanocrystal surface.” Depending on the application, this
effect can be useful or undesired. The targeted control of
its magnitude by surface chemistry is therefore expected
to lead to reliable and enhanced device performance.

mun. 9, 1343 (2018)
e 531, 618-622 (2016)
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Figure 5. Phonons in nanocrystal superlattices. Schematic of classes of
vibrations and phonons in nanocrystal superlattices. (From ref. ™)

Colloidal nanocrystals can form highly periodic, crys-
talline superstructures. In analogy to the atomic lattices,
one expects therefore the existence of superlattice phon-
ons (see Fig. 5), which was confirmed by inelastic neu-
tron scattering.” The superlattice phonon spectrum can
be tuned by the size and composition of the nanocrystals,
and their interaction by the choice of ligand shell. Ongo-
ing work addresses the dynamics of ligands, which act
as an elastic medium, and can be characterised by an ef-
fective spring constant. Quasielastic neutron scattering is
used here to understand the localised rotations of the lig-
ands, and high-resolution neutron spectroscopy to extract
the temperature-dependent mean square displacement,
from which the effective spring constant can be calculat-
ed. This work also aims to provide a deeper understand-
ing of molecular elasticity, which is highly relevant to bi-
ological functionality of, for instance, proteins.

Another example of nanocrystal application are battery
materials. LiFePO, is an extensively used cathode materi-
al, which conducts lithium ions predominantly along one
direction. Defects can therefore easily block the conduc-
tion channels, leading to passive regions in the interior of
the crystals. This is the main reason why only the nano-
crystalline form can be used. Building on the work on PbS
nanocrystals, inelastic neutron scattering provided evi-
dence that typical surface passivation (e.g., with carbon)
has a measurable effect on the surface vibrational modes."”

In summary, neutron spectroscopy (in the examples pre-
sented here performed at SINQ and at ILL), backed up
with computer simulations and complementary meth-
ods leads to deeper understanding of the dynamics of the
whole, hierarchical system of colloidal nanoparticles, and
of the interplay between different components.

10, 4236 (2019)
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Finding energy solutions for the future is of key societal
relevance, requiring novel technologies and correspond-
ing advanced energy materials to fulfil the needs of the
energy transition (Energiewende). Neutrons are particu-
larly well suited to provide comprehensive insight into
the structure and dynamics of such materials on multi-
ple length and time scales, not only in model systems but
in particular also in operating devices. Operando stud-
ies with neutrons enable observations from the atomic
length scale, where intercalation and crystalline phase
changes govern processes in batteries, to macroscopic
length scales of swelling inner components and the redis-
tribution of constituents. Similarly, probing various time
scales enables covering diffusion on atomic length scales
as well as full process timescales of minutes to hours.
Neutron probes are unparalleled and indispensable for
understanding processes involving, for example, hydro-
gen, which is key in the hydrogen economy of fuel-cell
solutions, or lithium, the central element in Li-ion bat-
tery technology. Swiss scientists and neutron instruments
have enabled some of the first seminal detailed process
observations for fuel cells, hydrogen storage, and batter-
ies. However, the impact is not limited to these key con-
version technologies supporting the energy revolution,
but is critical in numerous related technologies such as bi-
ofuels, catalytic processes or generating fundamental un-
derstanding of the supercritical state of water, to name but
a few examples where Swiss neutron science has made
core contributions already.

3.4.1 Fuel Cells

In the transition to renewable energy sources, polymer
electrolyte fuel cells are of great interest for mobile ap-
plications, in particular automotive propulsion, where
hydrogen and oxygen are used as reactants. The key pro-
cesses in these fuel cells take place inside and close to
the polymer membrane that separates hydrogen and oxy-
gen and simultaneously allows ions (H*) to pass and react
with oxygen. This process is supported by catalyst nano-
particles located at the surface of the membrane.

Taking advantage of the unique contrast for light water
(H.O), heavy water (D.O), and H* ions obtained with neu-
tron scattering, it was shown that the structure of aqueous
pathways with typical length scale from several nano-
metres up to a micron has a direct impact on the perfor-
mance of the fuel cell.® Small-angle neutron scattering
(SANS) and quasi-elastic neutron scattering give direct
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insight into the involved structure and dynamics.” For in-
stance, the introduction of a preferred direction into the
fractal and predominantly disordered polymer membrane
has been found to optimize the aqueous pathways by re-
ducing the tortuosity” of the maze-like aqueous channels
through the membrane, and to improve the performance
of the fuel cell. Such a structural improvement can be ob-
tained by mechanical means during the functionalization
of the base polymer with sulfonic acid. Neutron scattering
is the method of choice to analyse the membrane structure
and to link the structure with membrane performance.

In addition, a large body of works in the academic and in-
dustrial context is performed to advance fuel cell technol-
ogy and materials through direct operando observations
of water formation and transport depending on design,
materials and operation conditions. Neutron imaging en-
ables such direct observations in operating and fully func-
tional cells. Neutrons easily penetrate such fuel cells and
are also extremely sensitive to the time-dependent water
distribution in the cell, which is a key property for their
performance. These investigations have in the past ena-
bled market readiness of sustainable products of specific
companies and are still invaluable for advancing and im-
proving this technology.” Recent breakthroughs enable to
study performance under extreme environmental condi-
tions, tackling issues of fuel cell operation in vehicles in
harsh winter weather.

3.4.2 Catalysts

The production and the demand for catalysts is increasing
with the trend towards energy-efficient processes for the
production of an abundance of chemicals and materials,
and also for the transition from fossil to renewable energy
sources. For the best catalytic activity, the active surface
of catalysts has to be maximized, and the behaviour of the
reactants close to the catalyst need to be understood on
the atomic and nanoscale to optimize catalytic processes.
Further, many catalysts consist of heavy elements, while
the processes that they expedite often involve light ele-
ments. Neutron scattering is the method of choice to study
a large number of catalysts, as it is sensitive for light ele-
ments in the presence of nanoparticles containing heavy
elements, so that the structures as well as the dynamics on
the atomic and the nanometre scale can be probed.

For the transition to renewable energy sources, for exam-
ple, the production of fuels from biomass and increasing-
ly from organic waste is of great interest and is expected
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to increase by orders of magnitude in the coming decade.
The most effective production of methane from organic
waste is the catalytic gasification using ruthenium na-
noparticles on an active carbon matrix as catalyst. This
process takes place under supercritical-water conditions
(~400 °C, 24 MPa).

One obstacle in the production of methane from organic
waste is the deactivation of the catalyst used, as sintering
of the ruthenium nanoparticles reduces the active area
and because of organic deposits on the catalyst. The re-
juvenation of the catalyst is therefore of high interest and
has been shown in a recent study to be feasible for used
but still partly active catalysts. Neutron scattering (SANS)
with contrast matching is sensitive to the organic material
on the ruthenium nanoparticles of the catalyst and has
provided detailed structural insight into catalyst deacti-
vation by organic deposits, a deactivation mechanism that
is being studied for the further optimization of catalysts.

3.4.3 Batteries

Lithium-ion batteries is the most advanced and the most
efficient energy-storage technology available today, not
least as processes within this type of electrochemical cell
are very well characterized and understood. Neutrons
have a unique role in lithium-ion battery research, as they
are sensitive and selective probes for hydrogen and lith-
ium atoms, as well as for protons and lithium ions. They
are employed on various length scales, from atomic res-
olution in structure determination, to centimetres, where
whole battery cells can be imaged (see also Sec. 3.3.3).

The active materials of batteries intercalate (or alloy) and
de-intercalate lithium ions, and neutron probes are used
to track structural and chemical changes as batteries are
going through charge—discharge cycles. Electrolytes, on
the other hand, contain hydrocarbons and lithium ions,
and neutron technique provide information about con-
centration gradients and their interphase decomposition
near the surface of the active materials. Structural deter-
minations, for example the atomic positions of different
species in the typically complex active materials of bat-
teries, are often not possible without neutron scattering,
as X-rays are blind to such element-dependent structural
changes. Such studies, especially those working in oper-
ando mode, guide the design of improved battery mate-
rials.

Neutron probes can help not only in structural determina-
tion and in understanding the working mechanism of na-
noscopic materials, but also in optimizing battery manu-

facturing processes and in avoiding battery failure caused
by poorly understood production steps. One example is
the neutron imaging of electrolyte filling, where it was
established which level of vacuum and how much time is
required for the filling process.” The understanding thus
obtained enabled an optimization of the process, resulting
in a logarithmic slow-down of the filling procedure and
isotropic soaking.

The ongoing race for high-energy batteries also brought
renewed interest in metallic-lithium electrodes (or an-
ode-less configurations) in combination with both cur-
rent liquid electrolytes and solid-state cells, which bear
great promise for future applications. In both cases, den-
dritic lithium growth is a main issue. Neutrons, with their
high sensitivity to lithium isotopes can provide unique
insight into these systems, especially if neutron-imaging
technology will develop further towards higher spatial
resolution.

Neutrons have a long history as a probe to investigate and
progress the advancement of engineering materials. As
such, they have a key role also in the current industrial
revolution, where the development of metal additive man-
ufacturing requires in-depth observations of detrimental
stresses and microstructures induced by the complex
thermomechanical printing process. Also in many other
cases, only neutrons penetrate deep enough to observe po-
rosities, deformations, strains, and structural flaws deep
in the volume of complex samples and components.

3.5.1 Additive Manufacturing

For 3D-printed samples, neutrons provide quantitative
and representative information in the context of printing
parameters and material quality. The non-destructive na-
ture of neutron investigations enables in-situ studies as-
sessing specimen throughout sophisticated processes, in-
cluding service conditions and post-processing.

A team from PSI and Empa, for example, investigated
the effect of service load and microstructure on transmis-
sion-induced plasticity, in order to unlock the potential of
additive manufacturing to tailor local material behaviour
to the service needs of components. In the framework of
the Scientific Focus Area Advanced Manufacturing (SFA-
AM) of the ETH Domain, neutrons contribute to a num-
ber of projects, from additive manufacturing of precious
metals involving the Swiss jewellery and watch industry




to the development of sensors in additive manufacturing
machines. For instance, neutrons are used to characterize
strain fields induced by printing and to identify improve-
ment strategies through sophisticated operando measure-
ments and post-processing.”

3.5.2 Electric Steels

The magnetic moment of the neutron enables as well stud-
ies in the field of magnetism of engineering materials,
such as electric steels, where domain structures and mag-
netisation behaviour have a decisive role for the efficiency
and losses of electric machines, which is highly relevant
with a view to energy consumption. Advanced neutron
imaging methods developed in Switzerland enable unpar-
alleled observations of magnetic domains in the bulk of
magnetic materials,” which has made it possible, for ex-
ample, to better understand the effect of production meth-
ods on the material quality, and thus to optimize materials
such that related losses in energy efficiency are avoided.
In particular cutting technologies led to deterioration of
the material quality in the vicinity of the edges and laser
methods were developed to improve the material charac-
teristics, based on neutron observations.
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3.5.3 Corrosion

Neutron imaging is also an important scientific tool is the
study of corrosion of metals. In many engineered com-
posite materials, metals are surrounded by porous media
and the study of the internal corrosion processes requires
non-destructive investigation methods. Corrosion is gen-
erally closely linked to the presence of moisture within
the porous medium surrounding the metal. Neutron im-
aging has therefore a key role in studying the relevant pro-
cesses. The high sensitivity for hydrogen also entails that
some corrosion products lead to an increased contrast in
the neutron data, despite the lower density in the affected
areas. An example is the study of the corrosion mecha-
nism affecting reinforcing steel in concrete. A team from
ETH Zurich and PSI uses combined X-ray and neutron im-
aging to study the role of entrapped air voids at the steel—
concrete interface and to study the influence of capillary
water movement through the cementitious matrix and the
related corrosion processes at the reinforcing steel.

3.5.4 Nuclear Safety

Owing to their high sensitivity for hydrogen and low sen-
sitivity — and therefore high transmittance — for many
high-Z materials, neutrons have long been utilized as a
probe for investigation of materials relevant for nuclear
safety. Neutron imaging in particular has been instru-
mental in providing information relevant for the safety
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Figure 6. Left: High-resolution neutron radiography of nuclear-fuel cladding tubes hydrogenated to 200 wppm and treated to different cooling rate.
Right: The derived hydrogen concentrations in the samples shown on the left. (From ref. /, with permission.)
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aspects, for example on the hydrogen distribution and
concentration in zirconium-based materials,” ** which
are the material of choice for nuclear-fuel cladding tubes.
The diffusion of hydrogen into the cladding is inevita-
ble and poses a safety risk throughout the lifetime of the
nuclear fuel assembly. In order to assure safe handling,
transportation and (intermediate dry) storage of nuclear
fuel, the spatially resolved quantification of hydrogen
within the cladding is highly important. Especially for
cladding that is fitted with liners that improve the corro-
sion resistance of the cladding or the interaction between
the nuclear-fuel pellet and the cladding. Recent advanc-
es in the high-resolution neutron imaging lead to a much
improved understanding of the hydrogen/hydrides distri-
bution in zirconium nuclear-fuel cladding tubes’ and in
particular enabled spatially resolved hydrogen quantifi-
cation (see Fig. 6).

Due to the intrinsic activation of the studied specimens,
the neutron-based techniques are also primed for the in-
vestigations of radioactive samples. Recent advances in
the instrumentations enables high-resolution neutron im-
aging of cladding tubes that underwent the entire life-cy-
cle in a nuclear power plant. Using this novel technolo-
gy,” the hydrogen distribution in realistic samples (with
dose rates up to 10 mSv/h) were recently obtained in pilot
investigations at SINQ. Further work in this direction will
be of interest for all parties involved, from academia to
industrial partners and regulators. For samples emanating

25 M. Grosse et al., Nucl. Instrum. Methods Phys. Res. A 651, 253 (2011)
26 N.L. Buitrago et al., J. Nucl. Mater. 503, 98 (2018)

27 W.Gong etal, J. Nucl. Mater. 526, 151757 (2019)

28 Trtik et al., Rev. Sci. Instrum. 91, 056103 (2020)
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even higher dose rates, PSI is equipped with worldwide
unique test equipment. With the NEURAP add-on at the
NEUTRA beamline, neutron radiography of samples with
up to several Sv/h is possible, enabling imaging investiga-
tions of nuclear fuel. The future upgrade of the NEURAP
facility will provide the basis for imaging at even high-
er spatial resolution and for tomographic investigations,
opening the path to investigations answering important
questions on safety aspects related to spent nuclear fuel.

3.6 Health

Neutron probes provide unique opportunities for the
health sciences, typically in combination with other mo-
dalities. Water is the foundation of all life, and neutrons
offer a unique contrast for water-based materials by means
of contrast variation with light and heavy water. We high-
light here three examples to illustrate both the promise
and breath of the contributions of neutron science and
technology to the health sciences.

In recent work, a combination of neutron reflectivity
measurements and interfacial rheology was used in de-
signing emulsion systems stabilized with natural biopol-
ymer particles to realize specific lipid digestion kinetics.
Such systems are important in the context of addressing
malnutrition, which includes overeating as well as nu-
trient deficiencies and is one of the most pressing prob-
lems with a view to a healthy population and personal
well-being. Among a variety of approaches, the stimulat-
ed release of satiety hormones offers a soft control on food
intake. The use of stimuli-responsive particles such as
nanocelluloses received increasing recent attention. The
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Figure 7. Neutron tomographic imaging provides insight into bone-implant interfaces and can be used to characterize their mechanical response under
in-situ loading, including crack formation during the loading of the implant. (From ref. *°, with permission.)



adsorption of nanocellulose and nanocellulose—protein
composites at oil-water or air—water interfaces facilitates
the formation of stable and biocompatible emulsions and
foams. Neutron reflectivity measurements at SINQ have
been used to monitor the structure of differently designed
adsorption layers as a function of physico-chemical
boundary conditions (pH and salts), surface properties of
the cellulose crystals and protein addition (i.e., concen-
tration). Scattering-length density profiles obtained from
neutron reflectivity measurements provided information
about the thickness and roughness of the adsorption lay-
er, and in case of nanocellulose—protein composites, their
spatial composition. Supported by atomic force micros-
copy (AFM) images and interfacial rheological of the ad-
sorption layer, the design principles of nanocellulose-sta-
bilized emulsions and foams for food and drug delivery
vehicles were rationalized. In a feedback loop between
neutron reflectivity, interfacial rheology, in-vivo gastric
magnetic resonance imaging (MRI), and physiology in hu-
mans and rats, not only the in-vitro/in-vivo correlation of
fat digestion was established, but also pathways to limit
or stimulate food uptake.”

In other work,” neutron tomography was used to char-
acterize the interface between bone and metal implants
(Fig. 7). The integration of implants used for numerous
orthopaedic conditions is of outmost importance for the
long-term success of corresponding surgical treatments.
The imaging of commonly used metallic implants is chal-
lenging for conventional X-ray imaging and MRI, but their
integration and behaviour under realistic load conditions
can be studied efficiently with 3D neutron imaging. Cor-
responding model studies at PSI to, for instance, reveal
and quantify bone ingrowth around implants and the me-
chanical response of a system of metal screws implanted

29 N. Scheuble et al., ACS Appl
30 S.LeCannetal

Mater. Interfaces 10, 17571 (2018)
1av. Biomed. 75, 271-278 (2017)

J. Mech
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in rat tibiae have provided quantitative insights up to load
states leading to cracking and finally failure of the bone—
implant interface.

A third example is the use of SINQ in the development
ofinnovative radionuclides and radiopharmaceuticals. At
PSI, the Center for Radiopharmaceutical Sciences (CRS),
a joint endeavour between PSI, ETH Zurich and the Uni-
versity Hospital Zurich, works on clinical application of
radiopharmaceuticals, with a focus on the development
of novel radioactive drugs for non-invasive diagnosis and
therapy of metastatic cancerous lesions. For further infor-
mation and future perspectives on radiopharmaceutical
innovation using neutrons, see Sec. 5.6.

3.7 Cultural Heritage

Non-destructive testing methods are typically the only
possibility to investigate invaluable objects of cultural
and natural heritage, in order to understand their origin,
meaning or underlying technologies. In particular when
X-rays fail, neutrons are generally the only means that can
provide information on the interior and interior structure,
contents, and conservation state of objects of significant
value and interest. In addition, neutrons in general pro-
vide complementary information, for which Swiss re-
searchers have pioneered combined X-ray and neutron
imaging, which is of interest not only for cultural herit-
age. Today the method is applied around the world to nu-
merous cultural heritage and materials science questions.

Neutron instruments at PSI have a long tradition, when it
comes to investigations of cultural heritage objects. Neu-
tron imaging in particular has enabled over the years close
collaborations with many Swiss and international muse-

31 D. Mannes et al., Physics Procedia 69, 653-660 (2015)
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Figure 8. Neutron images of the ‘Swiss Degen’. (From ref. *')
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ums (including the Swiss National Museum, the Museum
Rietberg in Zurich and the Museu Nacional d’Art de Cata-
lunya in Barcelona), research institutions, universities
and cantonal authorities. An example of particular Swiss
relevance is the investigation, in collaboration with Kaz-
tonsarchdologie Zug, of a short sword found in lake Zug
in 2010. The weapon was later identified as the ‘Swiss De-
gen’. Though the blade was heavily corroded, the highly
ornamented wooden hilt was still in very good condition.
The hilt is also what makes the object so special, as it is
the only one of the three remaining swords of that type
that is still in its original constellation. The hilt shows spi-
ral carvings and is abundantly decorated with tiny metal
inlays. These ornamental inlays contain mercury and are
hence highly attenuating for X-rays. It was therefore in
this case impossible to retrieve information on the actual
wooden parts of the hilt by X-ray imaging alone. There-
fore, the sword was inspected using neutrons and X-rays.
Computed tomography revealed all complementary in-
formation and the neutron data provided images of the
wood structure (such as annual rings and knots) as well
as position, size and shape of all the wooden parts of the
hilt. X-rays on the other hand visualize only the structure
of small inlays (see Fig. 8). The reconstructed data sets
were merged to obtain the complete virtual 3D volume of
the object.

3.8 Industrial R&D

While the major share of societal and industrial impact of
neutron science derives from academic and collaborative

academic/industrial R&D innovations, there is also a more
direct relation of neutron science and industry, in particu-
lar in the field of non-destructive testing. This means that
industry increasingly leverages neutron-science methods
for solving specific problems — be it a failing product,
large deficient production rates, or lack of understanding
of a product issue or failing development. Neutron im-
aging, which enables direct non-destructive insight into
complex and bulky products, is often the means of choice,
but also neutron strain scanning or small angle scattering
and diffraction can often solve such problems and pro-
vide immediate feedback and solutions through commer-
cial beamtimes.

Typical customers at neutron facilities are the automo-
tive and aerospace industries, but also the energy and
health sectors are well represented. Many such services
are by their nature proprietary and therefore protected
by non-disclosure agreements. However, a few examples
have been published and can be revealed. They are pre-
sented in the following.

3.8.1 Automotive
Many components in automotive applications are
bulk-metal devices that contain hydrogenous materials, in
particular oil. These can be penetrated only by neutrons
to observe the oil content and even changes in its distri-
bution during operation. But also the results of a number
of joining technologies, including welding, soldering and
gluing, can be readily inspected with neutrons. A specific

Figure 9. Investigation of a diesel particle filter showing (from left to right) the support and deposited soot (green),

ash (blue) and metal particles (red). (Photo: https://www.psi.ch)


https://www.psi.ch/de/media/forschung/russverteilung-im-partikelfilter-des-dieselautos-erstmals-sichtbar-gemacht

example of an automotive application is regular support
in the R&D of diesel particle filters (see Fig. 9), which were
urgently required when they became mandatory for vehi-
cles in order to reduce the environmental impact of trans-
portation. It was demonstrated at SINQ that neutron im-
aging can probe full-scale filters and provides all relevant
information on their inner status of load and contained
sediments, to comprehend their functionality and short-
comings. Subsequently neutron imaging, in particular at
PSI, supported extensively the entire automotive sector in
the development of particle filters.

3.8.2 Medical

In the medical sector, a published study drawing on neu-
trons is one performed with La Roche at SINQ. The is-
sue investigated is related to clogging in staked-in needle
pre-filled syringes (SIN-PFS) during storage and before
use (Fig. 10). Depending on storage conditions, including
temperature and humidity, needles of syringes contain-
ing high concentrations of drug-product solutions tend to
clog. After the initial demonstration that neutrons enable
remote observation of the filling states and clogging of the
needles, a number of studies were performed, to inves-
tigate, for example, the influence of water-vapour trans-
mission through the needle shield. The published results
have created significant international interest in this in-
dustry for additional studies.

Figure 10. Investigation of syringe needle clogging.
(Photos: https://www.psi.ch)
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3.8.3 Energy

The energy sector constituted the biggest share of indus-
trial use of neutrons before fuel cells for mobile applica-
tions reached market readiness, a development that was
significantly supported by insights provided by neutron
imaging. Customers from around the globe requested neu-
tron imaging at SINQ in order to facilitate key advances.
A more recent example of completely different nature is a
seminal investigation for ABB in Aargau, where neutron
experiments enabled clear practical recommendations
to increase the production efficiency and thus output in
the manufacturing of ceramic varistors. Varistors are volt-
age-dependent resistors used, for example, in electrical
transmission lines for overvoltage protection. Neutron
images provide a clear picture of the binder burn up and
in particular the residual binder content — which is not
accessible otherwise — depending on heating conditions
in the ovens utilized during production.


https://www.psi.ch/de/media/forschung/injektionsnadeln-mit-neutronen-durchleuchtet
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Figure 11. Launch of an ESA Ariane 5 rocket. (Photo: ESA/CNES/ARIANESPACE-Service Optique CSG; JM Guillon)

3.8.4 Aerospace

For the European Space Agency ESA and its component
suppliers, neutrons are an indispensable tool for guaran-
teeing the quality of key parts that decide about success or
failure of a mission, in particular in the launching phase
of their rockets Ariane 5 and Vega (Fig. 11). Moreover,
neutrons are also regularly used for investigations and in-
spections of conventional airplane components.

In addition to the direct utilization of neutrons for com-
mercial products, neutron science centres create synergies
for the technology companies in their vicinity, which de-
pend on close ties to these large-scale facilities. Two spe-
cific examples in Switzerland are SwissNeutronics, who
produce high-quality neutron optics utilized at neutron
sources around the world and are developing and test-
ing their products at SINQ. RC Tritec, on the other hand,
has developed in close collaboration with PSI a product
line of neutron scintillator screens, which are standard
screens used around the globe today.

The direct commercial innovation use of neutrons under-
lies fluctuations and depends strongly on the proactive
action of neutron scientists in creating awareness and spe-
cific market needs, which in turn can lead to booming
requests for certain periods of time, such as in the phase
shortly before market readiness of fuel cells. Another lim-
iting factor, in addition to awareness, has been identified
in the resources of scientist and institutions to react to
industrial needs, such as complex sample environments
tailormade for specific product studies.

The number of average yearly requests show an increasing
trend (Fig. 12), which led to the situation that currently
the available beamtime for these projects is typically fully
booked, calling for the addition of further imaging instru-
ments in order to be able to satisfy the growing demand.
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Figure 12. Number of yearly neutron-imaging industry projects at SINQ.

In an important development, in 2019 the Technology
Transfer Centre ANAXAM (Analytics with Neutrons And
X-rays for Advanced Manufacturing) has been founded by
the Kanton of Aargau, PSI, the Swiss Nanoscience Insti-
tute (SNI), and the University of Applied Sciences and
Arts of Northwestern Switzerland (FHNW), under the um-
brella of the Strategic Focus on Advanced Manufacturing
of the ETH Domain.

ANAXAM establishes a link between industry and the
academic analytics infrastructure, in particular the large-
scale facilities and hence the neutron source SINQ. It
serves as a portal for industrial requests, acquires cus-
tomers through marketing of the potential of the availa-
ble methods, and supports studies and in particular their
technical needs. Thereby ANAXAM offers in particular
the opportunity to open a path for the industrial use of
neutron methods other than imaging, such as scattering
techniques, where the entry barrier for non-academic
players has been typically prohibitively high so far.

Swiss Academies Reports, Vol. 16, No. 7, 2021
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4 The Neutron Science Community

4.1 Analysis of Swiss Neutron Science
Community

411 Impact

Working closely with the team that has recently conduct-
ed a machine-learning-assisted natural language process-
ing analysis of around 46,000 journal papers published
between 1956 and mid-2020 in the broad field of neutron
science, we present here parts of the results that relate
specifically to the Swiss neutron science community.

Figure 13 shows the output of the Swiss community be-
tween 1998 and 2018. The number of ‘neutron articles’
with at least one author with Swiss affiliation grew from
~150/year in the period 1998-1999 to ~300/year in the
period 2015-2018. Of the European ‘neutron articles’,
around 10% include authors with Swiss affiliation (where-
as Switzerland has only 2% of Europe’s population).

When comparing the numbers of the European and world-
wide (without Europe) communities, we can see that ar-
ticles from outside Europe have since 2010 started to
outnumber European output. This trend has to be seen
against the background of the expressed concern by the
European neutron users that the coming decade will see
a clear reduction of available neutron beamtime,” with

32 https://www.esfri.eu/neutron-landscape-group
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direct consequences for the European community. This is
a genuine threat for European leadership in the field: In
2019, for example, three national neutron-scattering facil-
ities have been closed, in France, Germany, and Norway.

The unbiased machine learning algorithm classifies pa-
pers into topics that were subsequently identified by hu-
man inspection of the key words associated with each. In-
specting the individual topics produced by the algorithm,
the following observations can be made (see Fig. 14):

— Decline in pure diffraction. This is likely because spe-
cialized forms of diffraction such as protein crystallog-
raphy or engineering samples shift into dedicated
fields, such as fundamental physics and lattice dynam-
ics, both of which have seen significant growth in the
past two decades.

— Continual strong activity in spectroscopy of magnetic
materials

— Significant growth in the following topics:
Life, food and polymer science
Neutron sources and neutron instrumentation, driv-
en by SINQ upgrades and ESS instrumentation,
where Switzerland is a remarkably strong contribu-
tor
Neutron imaging

m Other Countries
M Europe
m Switzerland x 10

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Year

Figure 13. Numbers of articles published per year with author lists affiliated entirely outside Europe (grey), within Europe but with no Swiss authors
(orange), and those including at least one author with a Swiss affiliation (blue).
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Neutron electric dipole moment
Fundamental physics, i.e., the n-TOF experiment at
CERN

The analysis also highlights the breadth of applicability
of neutron probes, with several more topics with contin-
ual and important contributions such as reactor physics,
medicine, lattice dynamics, nuclear physics, soft-matter
dynamics, and superconductors.

4.1.2 Needs

Access to neutron experiments proceeds mainly through
peer-reviewed beamtime proposals. Exceptions to this are
in-house research at facilities and longer-running projects
and collaborations, such as electric dipole measurements.
The needs of the Swiss neutron science community with
regard to neutron experiments can be quantified by the
historical numbers of beamtime proposals.

Neutron Science Roadmap for Research Infrastructures 2025-2028 by the Swiss Neutron Science Community

Analysing data for Swiss proposals to neutron facilities
demonstrates a trend of increasing requests for neutron
beamtime from Swiss researchers for SINQ (Fig. 15) and
ILL (Fig. 16) — in both cases more than doubling from
1999 to 2015, which is also seen at several other sources,
including FRM II, ISIS, and SNS. This trend is capped
by the available beamtime allocations at the correspond-
ing sources, which leads to a self-regulating reduction in
proposals from each user group. This effect is particu-
larly pronounced for beamtime requests to ILL (Fig. 16),
where for the period from 1999 to 2016, the excess Swiss
need (‘oversubscription’) was a factor of two. Since 2016,
a combination of factors led to drastic decrease in beam-
time allocation to Swiss scientists, which has resulted in
a self-regulating slight reduction in requests, but more im-
portantly has had a detrimental effect on the many scien-
tists who have not been able to carry out their research
programmes, especially PhD students who need to get re-
sults within the time of their doctoral studies.
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Figure 14. Lower panel: The time evolution of the topics of ‘neutron articles’, as identified by the NLP analysis. The topics were named by inspecting
the key words for each of the 13 topics identified by the algorithm. Upper panel: Growth by topic, determined by comparing the number of articles
published in the period 2015-2018 relative to those published in the period 1998-2001.
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Figure 15. Number of neutron beamtime requests to SINQ 1999-2020. The
exponential fit corresponds to a 5.1% annual increase in Swiss proposals.
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Figure 16. Swiss usage of the neutron source ILL, Grenoble. The requested (dark blue
line) and allocated (light blue line) number of beam days was increasing 4.7% per

year (dashed black curves) from 1999 to 2016
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Figure 17. Growth in the number of unique authors of neutron science articles with Swiss affiliations since 1999. The extrapolations show the size of
the community in the near future, for different rates of growth that may all be compatible with the current and historic community sizes, but which do
not take into account the catalytic effects that can be expected from the inauguration of ESS and from the strong increase in industrial use. The logos
represent affiliations on articles and non-publishing industrial neutron users, illustrating the remarkable span of the Swiss neutron science community
(above the thin blue line are the affiliations on articles, and below companies involved in industrial collaborations).

4.1.3 Size

To further quantify the neutron science community, we
counted the number of unique authors with Swiss affil-
iation for selected years. We found that the number of
unique authors grew from 257 in 1999 to 534 in 2018. The
full result is shown in Fig. 17 (note that the number of
years for which this analysis was carried out is restricted
as it had to be done manually).

The counting shows that the number of unique authors
active within the Swiss neutron science community has

grown steadily since 1998, in fact approximately dou-
bling. The figure also includes conservative estimates of
the size that the community might reach in the coming
decades, assuming steady (as against sudden or discon-
tinuous) growth, underlining our recommendation that
funding and facilities for such a growing community must
expand to match (see Chapter 2). This recommendation
is all the more urgent as we expect for the coming dec-
ade accelerated growth, with the user programme at the
ESS starting in 2023, and likely increased use of neutron
probes in industrial R&D, which is a global trend we also
see in Switzerland (see Sec. 3.8).



The education of PhD students and scientific training of
postdocs are essential for an active research community
and our society in general. The participation in neutron
experiments introduces the students to demanding exper-
imental processes, a broad variety of analytical tools for
data analysis, and complex theoretical modelling. After
their PhD studies, these highly qualified young people are
open to continue their careers in science, industry, busi-
ness or politics, thus making important contributions to
our society.

In Switzerland, 20-30 PhD students graduate per year on
research topics relying on neutron and muon beams, as
revealed by analysing the 2018-2019 PhD theses in the
Swiss National library data base (e-helvetica.nl.admin.
ch). Another 80 to 100 postdocs work in all areas of neu-
tron sciences in Switzerland. Their diverse activities cover
fields from basic research to applied sciences and servic-
es, such as those provided by beamline scientists. These
young researchers are located across essentially all the
Swiss research institutions, including the ETH Domain at
ETH Zurich, EPFL, PSI, and Empa as well as at the cantonal
universities at Basel, Bern, Fribourg, Geneva, and Zurich.

Neutron sciences require access to neutron beams for ex-
periments. The Swiss Neutron Spallation Source SINQ
is the national host for neutron research and education
in Switzerland. At SINQ the PhD students acquire first
hands-on experience on neutron experiments, data col-
lection, and evaluation. Far beyond the basic education,
SINQ offers a strong neutron source, high-performance
instruments, and dedicated sample environments, such
as low temperature, high magnetic field, and high pres-
sure. These ingredients, together with Swiss high-preci-
sion engineering and reliable operation, make SINQ an in-
ternationally competitive source for cutting-edge neutron
research. Aside from SINQ, the access to international
neutron sources is granted via collaborative contracts. The
most important centres are currently the ILL (France), ISIS
(UK), and starting from 2023 the ESS in Sweden. Access
to neutron sources is competitive, and is granted through
a proposal system evaluating the scientific merit of the
planned experiment. Therefore, the research-based access
has to be complemented by an educational approach for
students. The availability of neutron beams from both the
local SINQ source and via international collaborations is
crucial for Swiss researchers.

From their home base at SINQ, a strong Swiss neutron
scattering community developed, which is particularly
active and successful (see Sec. 4.1). It continuously pro-
motes technical and scientific developments at SINQ and
beyond. Swiss researchers are particularly active in build-
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ing the new instrumentation at the European Spallation
Source ESS in Lund (see Sec. 5.3).

Outreach activities disseminate information on neutron
sciences on various levels. Activities include beginners
days to introduce young people to science, e.g. for 7th
and 8th class pupils and 11th and 12th class students at
the gymnasium level. The annual PSI Summer School in
Zuoz brings together PhD students and postdocs for one
week of intense learning.

Publication of results in research journals is the key meas-
ure of scientific success in natural sciences. For a detailed
analysis of the publication output of the Swiss neutron
community, see Sec. 4.1. The analysis yields a broad dis-
tribution of neutron-related research topics over scientific
disciplines. The total number and an impressive fraction
of publications in high-impact journals demonstrates the
overall importance of the research based on neutron beams.

The beamtime-proposal and bibliometric analyses (Secs

4.1 and 4.2) show:

— Increasing number of proposals by Swiss scientists to
SINQ and to international facilities, capped by allocat-
ed beamtime through proposal systems

— Increasing spread of scientific fields using neutron
beams for their research

— Increasing number of complementary techniques used
per article

— Increasing number of authors per article

— 87% increase in published articles from 1999 to 2018

— 108% increase in the number of researchers using neu-
trons from 1999 to 2018

In addition to these numerical results, several qualitative

evolutions are expected:

— The new capabilities at ESS will open fields of science
not currently available

— Increased industrial use, among other factors also
through creation of ANAXAM

Based on these findings, the following predictions are

made for the neutron science community:

— Number of Swiss researchers using neutrons increases
by 25% until 2030 and by 40% until 2040

— Swiss demand for neutron beamtime increases by 20%
until 2030 and by 30% until 2040

— The domains where use of neutron will grow more than
100% by 2040 include: Life Science, Neutron Imaging,
Industry R&D






5 Neutron Experiment Provision

Producing a beam of neutrons for scientific use requires
a large-scale facility where neutrons are liberated from
atomic nuclei either by fission or spallation by bombard-
ment from an accelerated proton beam. The first genera-
tions of neutron sources were research reactors. Most new
sources are based on proton accelerators.
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Figure 18. Evolution of fluxes of thermal neutron sources™

Figure 18 illustrates the evolution of neutron flux. Reac-
tor-based sources reached their maximum potential with
the ILL reactor in Grenoble, France. The three next-gen-
eration spallation sources, SNS in US, ] PARC (labelled
JSNS in Fig. 18) in Japan and ESS (under construction in
Sweden) will be the most-intense neutron sources for the
foreseeable future.

5.1 Current Landscape

The European neutron landscape was recently surveyed
and reported by the Physical Sciences and Engineering
Strategy Working group of the European Strategy Forum
on Research Infrastructures (ESFRI).” We recommend re-
ferring to this document for further details, and reproduce
here the main findings.

sites/default/files/files
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document/2(
document_
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For about 40 years, Europe has held a leading role in the
field on neutron science. This position has been due to
a powerful combination of multiple low to medium-flux
sources across Europe, which served to cultivate local
scientific communities, providing a breeding ground for
scientific talent and stimulating diverse technical inno-
vation, and a few medium to high flux sources, where
state-of-the-art experiments not possible elsewhere in the
world can be performed, and which serve as international
hot-spots for scientific exchange. The result has been a
multi-disciplinary international scientific user communi-
ty with over 6,000 scientists and engineers from academ-
ia, national and international research laboratories and
institutes, as well as from industry. Among them these
facilities have established a remarkable eco-system of ex-
tremely skilled manpower readily available elsewhere for
nuclear physics and engineering as well as accelerator ex-
pertise.

The past configuration of the European neutron landscape
was composed of ten low/medium-flux national sources,
three medium-flux sources (FRM II, ISIS and SINQ) and
the worldwide highest-flux source, ILL (see Fig. 18).

ILL was built in 1971 as the world’s premier neutron
source. It is owned and operated by the three founding
countries, France, Germany and UK, and 10 partner coun-
tries. Switzerland was the second country to become a
partner of ILL, and continues a close collaboration both
at the scientific and technical-development level. ILL re-
main the globally leading neutron source with the highest
flux and the largest number of operating instruments.

High-flux pulsed spallation sources have been brought
online in the US (SNS in 2007) and in Japan (J-PARC in
2010) which have superseded ISIS in the UK as the high-
est-flux pulsed neutron sources. However, the time-inte-
grated flux of these facilities remains much below that of
the ILL. The corresponding pulsed flagship source in Eu-
rope, the European Spallation Source (ESS), is under con-
struction in Sweden with expected inauguration in 2023.
It will surpass both SNS and J-PARC. ESS is expected to
reach full specifications with 20-24 instruments in 2028—
2030. ESS is being built as a pan-European international
facility with 13 member countries, including Switzerland.

5.2 Future Neutron Landscape

As such, European neutron science stands before an ex-
citing future with hitherto unprecedented experimental
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Figure 19. Distribution of neutron sources around the world, showing the strong concentration in Europe.”

capabilities at ESS. However, the network of sources with
versatile unique instrumentation and scientific specializa-
tion faces a challenging time. Of the ten low/medium-flux
sources, the two with the strongest user programmes, LLB
in Paris and BER2 in Berlin (both of which were frequent-
ly used by the Swiss scientific community along with two
smaller sources) have already been closed. By 2025, only
five neutron sources with international user programmes
are expected to remain: ESS, ILL, ISIS, FRM II and SINQ.

It is vital for the Swiss and for the European neutron sci-
ence communities that these remaining sources are oper-
ated and upgraded to provide both top-level capabilities
in terms of the most challenging experiments, and suffi-
cient capacity for the many types of investigations that
can only be done with neutrons.

In this context, ILL is especially important. Not only is
it the highest-flux neutron source in the world. It also
has the most operational neutron instruments (about 40),
thereby enabling a significant volume of science. ESS
aims to reach up to 24 instruments in the foreseeable fu-
ture. While these instruments will be extremely powerful,
other sources will be needed to accommodate the growing
usage of neutron probes in ever-diversifying fields of sci-
ence (see Chapter 3).

There are interesting ongoing efforts to develop so-called
high-brilliance sources, which would be cost-effective
local sources to replace the closed low-flux sources. As
technology progresses, this could alleviate the situation.
However, in the intermediate future, the most cost-effec-
tive solution to the reduction in joint European neutron
science capacity would be to maximize the number of op-
erating instruments at existing sources.

An important challenge to a holistic strategy for neutron
science in Europe and worldwide is the sharing of invest-
ment and operation costs. National facilities are nation-
ally funded, at times with smaller specific international
partnerships, for instance around specific instruments. In
general, access to these facilities is solely based on sci-
entific excellence of the proposals. The two internation-
al facilities, ILL and ESS, are jointly funded by multiple
countries. To ensure that the joint investments in neutron
science are as effective as possible, collaboration and co-
ordination is required not only on the technical level, but
also on the decision and funding levels.

35 Strategy paper on neutron research in Germany 2020-2
juelich.de/jcns/EN/_SharedD

_Neutron_Research_Germany_202
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5.3 Swiss Use and Contribution
to International Neutron Sources

In context of Europe’s leading role, the Swiss neutron sci-
ence community has a very high standing (Sec. 4.1), just
behind the much larger nations, Germany, France and UK
in various quantifications of impact. This high-quality po-
sition within Europe is largely due to the availability of
the high-quality national source SINQ, combined with the
access to ILL and other international sources. This ena-
bles a strong Swiss neutron science community and also
attracts many international user groups, which enriches
the scientific community and leads to productive collab-
orations.

Swiss scientists travel to perform experiments on essen-
tially all the neutron sources in the world, where they
obtain beamtime through a peer-review proposal pro-
cess. The most important international source for the
Swiss neutron science community is the ILL in Grenoble,
of which Switzerland has been a partner country since
1988. The time-average usage of ILL by Swiss scientists
is 4-5%. In the past decade, Swiss membership contribu-
tions to ILL has decreased and since 2016 this has resulted
in a dramatic reduction in beamtime allocated to Swiss
researchers. Many Swiss proposals are accepted by the
peer-review committee based on scientific quality, but are
ultimately rejected due to national balance adjustment.
That means that many promising scientific proposals
cannot be carried out, which reduces the scientific return
for the investment to ILL. This situation is unfortunate
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not only for Swiss science, but for the scientific output of
ILL as well. A bibliometric analysis in 2015 revealed that
20-25% of high-profile publications from ILL have Swiss
co-authors, illustrating the sizeable impact of these det-
rimental developments. Several efforts, including Swiss
membership of a CEA-Grenoble collaborating research
group and SERI-financed collaboration measures, have
been put in place to improve access to ILL for Swiss us-
ers. For the next contract period of Swiss membership to
ILL it is very important to restore scientific excellence as
a guiding principle for ILL access for European scientists:
proposals that are judged among the highest based on sci-
entific excellence should be granted beamtime.

Switzerland is a member of the ESS under construction
in Sweden, which will be the world’s premier neutron
source for decades to come. A speciality of the ESS con-
struction is a very high degree of so-called in-kind financ-
ing. In total, Switzerland is investing a total of 155 MCHF
and significant intellectual resources in the construction
and initial operation phase of ESS. Most of the Swiss in-
kind contributions were managed by PSI, contributing ad-
ditional unique human skills and technical resources to
ESS. As aresult, PSIis a partner in no less than five of the
15 instruments currently under construction at ESS (see
Fig. 20).

ESS is scheduled to become operational in 2023. For the
Swiss science community it is imperative to capitalize on
this investment by joining the operations phase at a level
that matches the potential for Swiss exploitation of ESS.

CH-DK: ESTIA - reflectometer
CH 11.80 MEUR (100%)

DK-CH: BIFROST - spectrometer
CH 4. 30 MEUR (35%)

=E=11

DK-CH: HEIMDAL - multi-scale
CH 4.74 MEUR (35%)

I 1]
= [ &=

D-CH: ODIN - imaging

CH 3.85 MEUR (35%)

-
D-F-CH: MAGIC - magnetic diffraction
CH 1.97 MEUR (15%)

Controls, Data, Software, Neutron
Optics, Shielding, etc.

Continuous activity in collaboration
with ESS and DMSC

Figure 20. Swiss contributions to ESS instruments. Left: arial photo of ESS with location of instruments.
Right: list of instruments with Swiss contribution. In total Switzerland is contributing 35 MCHF to ESS instrumentation.
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Based on the strong engagement in the construction, and
building on 30 years of data from Swiss utilization of ILL,
the Swiss demand for beamtime at ESS can be estimated
to be at least at the level of Swiss demand for beamtime
at the ILL. Among the neutron instruments that will be
available early on are three instruments built by Switzer-
land, or with a large Swiss contribution, respectively: the
reflectometer ESTIA, the imaging instrument ODIN and
the spectrometer BIFROST. Switzerland will be involved
in the early-science programmes of these instruments.
Both ESS and Swiss neutron science would benefit from
a close collaboration during the commissioning and early
operations phase of these instruments, so we recommend
that some of the ESS instrument scientists retain Swiss
affiliation in addition to their ESS affiliation.

In addition to ILL and in the future ESS, Swiss scien-
tists regularly benefit from access to multiple other neu-
tron sources with complementary instrumentation (e.g.,
high-resolution spectroscopy and high magnetic fields)
in Europe as well as worldwide. This is possible because
Switzerland reciprocally grants access for international
users to the Swiss neutron source SINQ.

Switzerland operates the continuous neutron spallation
source SINQ at PSI (Fig. 21). After more than 20 years
of operation, it has been undergoing a major upgrade in
2019-2021 with a complete replacement of the neutron
guide system and several instruments. When completed
in 2021, SINQ will be a state-of-the-art facility with a full
suite of neutron scattering instruments.

Particularly competitive instruments include the novel
Selene-type reflectometer, and the novel CAMEA-type
spectrometer (Fig. 22), both with performance increases
of about two orders of magnitude. There will be two mod-
ern SANS instruments, and a cold-neutron diffractometer
with a large detector for both powder and single-crystal-

Figure 21. Schematic of the overall SINQ layout. (Source: PSI)

line studies. From 2022, two more instruments will be
upgraded, the engineering diffractometer POLDI and the
thermal imaging instrument NEUTRA, and one Laue in-
strument for tests and internal usage will be added.

It is foreseen that SINQ will provide neutrons for 8
months per year in the next few years. This is an increase
of 1-2 months compared to the past 5 years, and allows
to offer more beamtime. The continuous maintenance and
upgrade efforts of the proton particle accelerator HIPA
means that the neutron beam remains of high quality and
is extremely attractive to neutron users. In the most recent
call in November 2020, SINQ received a record number of
proposals for a single call for proposals, underlining the
high quality of our facility, the high reputation of SINQ
and its staff, and lastly the continuing need for the instru-
ments at SINQ.

The reliable neutron provision of SINQ relies on a
well-maintained and upgraded proton accelerator, and
an optimized SINQ target. Over the past two decades, the
SINQ target was optimized for neutron yield per proton,
and the proton current has been increased continuously.
Further gains could be achieved through an optimization
of the neutron moderators close to the target, and from
a further increase of the proton current. It is of outmost
importance that the accelerator is continuously upgraded
and well maintained, with the goal to increase reliability
and further increase the proton current.

The existing guide hall points towards the south, and ad-
ditional instruments could be built by adding a new guide
hall towards the north of the SINQ. Currently, there are
cold-neutron instruments that take advantage of the neu-
trons scattered towards the north (the cold-neutron imag-
ing instrument ICON, and BOA, which serves both as a po-
larized imaging instrument and testinstrument for neutron
optical concepts). By extending the hall towards the north,
it is possible to build a minimum of six new cold-neutron
instruments in this area. This is a relatively inexpensive
way to increase neutron capacity in Europe, and thus is a
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Figure 22. The novel Continuous Angle Multiple Energy Analysis (CAMEA) multiplexing spectrometer at SINQ. (Source: PSI)

unique opportunity for involving European countries that
do not operate their own neutron source.

The upgrade or construction of neutron instrumentation
often requires considerable funds which are beyond those
available through the existing national funding programs
of the Swiss National Science Foundation. This makes
it often difficult to fund the realization of novel ideas of
university- and facility-based groups, although such col-
laborations yield the most advanced and innovative in-
strumentation. Many countries have dedicated funding
programs designed for innovative instrumentation at na-
tional facilities. It would therefore be desirable to have a
dedicated funding program for large instrumentation with
a cost between 5—15M CHF — a funding instrument that
would not only be useful for beam-based user facilities.

SINQ enjoys a number of high-quality institutional col-
laborations with institutions in other European countries.
The longest such agreement exists with DanScatt (the
Danish instrument centre for users of synchrotron and
neutron sources). Through this collaboration, DanScatt
places one post-doc at SINQ, Danish users obtain neutron
scattering beamtime, and Danish students are trained at
neutron scattering instruments at SINQ.

LLB in Saclay is currently transferring their PA20 SANS
instrument to PSI, where it will be called SANS-LLB, and
half of its beamtime will be made available to French us-
ers for the next ten years. IFE from Norway is currently in
negotiations to significantly invest in SINQ instrumenta-
tion with the goal to provide access to SINQ to Norwegian
users. Finally, the Laue instrument FALCON, originally

located at HZB in Berlin, will be installed in 2022 at SINQ,
and will be made available to in-house users.

5.5. Neutron Science Innovation

SINQ has an important role in the European neutron scat-
tering community. Scientists at SINQ have a long record
of innovation of neutron scattering technology. SINQ was
the first neutron facility that was based on a supermirror
guide system. SwissNeutronics, the market leader in the
field of neutron guide systems worldwide, is a spin-off
company of SINQ. Over the last 20 years, neutron scien-
tists in Switzerland revolutionized the field of neutron im-
aging, leading to a strong activity in that area worldwide.
More recently, novel neutron scattering techniques, such
as the Selene and CAMEA concepts, polarizing analysers,
and adaptive neutron optical devices were developed by
scientists at SINQ, and some of these are being rapidly
adopted at similar facilities elsewhere.

SINQ scientists are involved in five of the first 15 instru-
ments at the European Spallation Source (ESS), employ-
ing these innovations. In addition, almost all major neu-
tron facilities are adopting the new concepts that were
developed at SINQ, most notably the polarizing analysers,
the imaging techniques, and the Selene and CAMEA con-
cepts. SINQ also supports industrial research, and is the
worldwide market leader in the use of neutron scattering
for R&D work (see Sec. 3.8).

In the next decades, there are several opportunities and
challenges: apart from a continuous investment into the
development of novel instrumentation, it will be increas-
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ingly important to leverage the enhanced measurement
capabilities with increasingly sophisticated software to
recognize patterns using artificial intelligence and auto-
mate the interpretation of measured neutron data using
advanced tools, such as first-principle calculations or
advanced modelling. This will go hand in hand with an
increasing openness of science, where data itself will be
published under open data policies.

5.6. Radiopharmaceutical Innovation using
Neutrons

Finally, SINQ is also used by groups outside neutron sci-
ence, for example by the Center for Radiopharmaceutical
Sciences (CRS). Together with its partner at ETH Zurich
and various Swiss hospitals, CRS plays a central role in the
development of innovative radionuclides and radiophar-
maceuticals, with the aim of clinical translation in Swit-
zerland. Its bench-to-bedside capacity is based on radiop-
harmaceutical expertise and know-how in radiochemistry
(in collaboration with the Laboratory of Radiochemistry at
PSI), preclinical research and Good Manufacturing Prac-
tice (GMP). PSI recently made a substantial investment in
upgrading its GMP-certified laboratories in order to main-
tain and extend its capabilities to produce clinical-grade
radiopharmaceuticals. A major future focus will be the
development of the new opportunities and capacities to
develop and produce innovative radionuclides for thera-
peutic (particularly alpha-emitters) and diagnostic appli-
cation. To date, Targeted Radionuclide Therapy (TRT) has
been performed as a single treatment option. As combina-
tion therapies of cancer are now clinical practice, this will
also likely be the case for TRT in the future.

Radionuclide production is of strategic importance for
nuclear medicine in Switzerland. The proton beam from
Injector 2 is essential for radionuclide production using
the IP2 target station. CRS/LRC is also fortunate to oper-
ate the neutron irradiation stations NIS at SINQ, which
has been fundamental in the development of Tb-161, re-
garded as a most promising therapeutic radionuclide of
the future. SINQ is also utilized for the determination of
potential radionuclide production routes in preparation
of reactor irradiations, as well as for the manufacture of ra-
dioactive tracers for benchmark separation experiments.



SCNAT - network of knowledge for the benefit of society

The Swiss Academy of Sciences (SCNAT) and its network of 35,000 experts works at regional, national and inter-
national level for the future of science and society. It strengthens the awareness for the sciences as a central
pillar of cultural and economic development. The breadth of its support makes it a representative partner for
politics. The SCNAT links the sciences, provides expertise, promotes the dialogue between science and society,
identifies and evaluates scientific developments and lays the foundation for the next generation of natural
scientists. It is part of the association of the Swiss Academies of Arts and Sciences..

The Swiss Neutron Science Society (SNSS/SGN/SSSN) represents neutron scientists in Switzerland. The goal of
the society is the advancement of neutron scattering and other research using neutron sources in Switzerland
and in relation to international associations. This includes the support of young scientists, the exchange of scien-
tific ideas, the cultivation of interdisciplinary relations, as well as ensuring optimum access to national and inter-
national neutron sources.








