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programme: Endurance.

THE FIVE DECADES OF THE ILL

1967-1977

The ILL was founded on 19 January 1967 with the signing of an
agreement between France and Germany. The reactor went crifical
on 31 August, ramping up to full power between 16-21 December.
The UK becomes an Associate on 1 January 1973.

19781989

The ‘deuxiéme souffle’ modermisation programme is launched.
Spain and Switzerland join the ILL. The Grenoble outstation of
the EMBL moves fo the ILL site.

1990-1999

Replacement of the reactor vessel during a five-year long shutdown.
Austria, Russia, ltaly and the Czech Republic become members.
The ESRF is built close fo the ILL, thus sowing the seeds for the
development of a unique site for scientific research.

2000-2007

The Millennium Programme is launched with the aim of radically
modemising the ILUs infrasfructure and insfrument suife. At the end
of its first phase, it has already boosted the efficiency of the ILLs
instrument suite by a factor of 14. Sweden, Belgium, Poland and
Hungary join the ILL.

2008-2017

The second phase of the Millennium Programme is completed, with
a fotal budget of about 80 k€ and a global instrument efficiency
gain factor of about 25. Major reinforcements and security
measures are undertaken on the ILL reactor (post-Fukushima event).
The Endurance phase | modernisation plan is launched. Slovakia
and India join the ILL.

This year the Institute celebrated its 50" anniversary and yet remains in the prime of youth!
The ILL was founded on 19 January 1967, and since then it has firmly established itself as a
pioneer in neutron science and technology and has taken on a truly international dimension.

The unique research conducted at the ILL is essential to solving some of the major challenges
facing modern society. To mainfain its sfatus as leader in neutron science, the Institute has
constantly upgraded its instruments, infrastructure and scientific equipment during the last

50 years. Even today, the ILL is still looking resolutely to the future with ifs latest modernisation

1967
2017
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Foreword

his past year saw the turn of the UK to chair the ILL Steering
Committee, and | had the honour and pleasure to serve in that
capacity for a second time.

The year started with the celebration of a remarkable 50 years of the

ILL, on 19 January. The UK ambassador to France, the Rt. Hon. lord
Llewellyn, along with dignitaries from the other Associate and Scientific
Member countries, enjoyed meeting staff and touring the ILL prior fo

the afternoon event. The 'legendary’ Professor Bill Stirling refurned as
Master of Ceremonies for that event, which saw many staff and users,
past and present, come together. | would like to take this opportunity to
congratulate Bill on receipt of his C.M.G. {Companion of the Order of
St Michael and St George) for services to Brifish science and international
science collaboration, in the UK New Year Honours for 2018.

We also said a fond farewell to Dr. Charles Simon, who completed

his five-year appointment as French Associate Director and head of
Projects and Techniques at the end of September. Charles has had @
long association with the ILL, serving as part of the French delegation to
the Steering Committee prior fo his appointment, and will confinue o
work with the ILL in his new role as science advisor for the French neutron
roadmap in CNRS. In Ocfober we welcomed the appointment of his
successor, Jéréme Estrade; Jéréme brings a wealth of experience in the
operation of nuclear facilities to the management team.

In June, the UK hosted the Steering Committee meeting in Abingdon.
Prior to that there was a meeting between delegates from the ESS

and the ILL, during which the two faciliies signed a Memorandum of
Understanding for closer ties and joint working in some areas, including
attendance at our respective Council meetings. This new way of
working will see the first joint ESS/ILL user meeting being held in 2018.

During the summer months the ILL had to make the difficult announcement
that, for a number of reasons, it would not be able to operate more than
one user cycle in 2017. The loss of scientific output from the facility was
not taken lightly by the Associates, who have been closely monitoring
the situation. The Director and management team have the full support of
the Associates as they make the changes necessary to resolve the issues;
the Associates welcome the positive changes in the way of working
across the ILL, whilst emphasising that this approach must continue. VWe
look forward to a return to the usual excellent level of scientific output in
2018, over the course of which the operation of three cycles is planned.

In November we all headed to Rome for the autumn Steering Committee
meeting fo celebrate 20 years of ltalian Scientific Membership of the ILL. |
thank the lalian CNR for hosting the event and we all hope that successful
collaboration between lialy and the ILL will continue in future years.

Llooking to the future, 2018 is an important year for the ILL as we aim
fo renew the contracts of the Scientific Members. The Associates have
worked with the Scientific Member countries to draft a revised contract,
and | hope that this time next year we will be able to announce that dll
the contfracts have been renewed.

Grahame Blair
Chair of the ILL Steering Committee

Director’s foreword

he year 2017 was marked most specially by the celebration

of the ILl's 50" anniversary. The past fifty years have seen the

most pronounced increase in scientific knowledge ever
witnessed in human hisfory. The concomitant technological
revolution has changed our world profoundly, and, despite
undeniably problematic side-effects, has dramatically improved
living conditions for people all over the globe. The unique and
outstanding analytical capabilities of the ILL have pulsed at the very
heart of this process. The ILl's history has been marked by steady
gains in performance and continuous adaptation of its services to
the changing needs of its users, qualities that have allowed if fo
maintain its position as the world's leading provider of neutrons for
scientific applications. The scientific highlights you will find in this
report bear testimony fo this fact.

The success of the past poses obligations for the future. With the
help of the Endurance Programme, the ILL is currently accelerating
the modernisation of ifs scientific infrastructure. You will find plenty
of information on Endurance in this report. The timely launch of

its second phase in 2019 is fundamental fo maintaining the ILL's
excellence in instrumentation. The ILL places particular emphasis on
finetuning ifs services and instrumentation fo the rapidly evolving
needs of its user communities. VWe are making particular efforts to
monitor the different fields of research in order o be able fo respond
in the future with the most appropriate technical support. The advice
of our Scientific Council and its Subcommittees is of invaluable help
in this confext.

The reliability of the Institute’s neutron source has been an integral
part of ifs success. Reliable operations are guaranteed by the
continuous renewal of key reactor components. The ILL is known
for its high nuclear safety standards, and we will sustain our efforts
in this area with confinuous improvement as our goal. In 2017
our responsibilities in the fields of reactor maintenance and ever
higher standards of nuclear safety, together with the need to adapt
fo changes in regulations, prevented the ILL from running a full user
programme. These efforts have, however, left us fitter for the future.
We now fulfil all technical conditions for sustained and successful
operations beyond the next decade.

| hope that you enjoy reading this annual report, and that | may have

the opportunity of meefing you, as an ILL user or otherwise, this year
at the ILL.

Helmut Schober
ILL Director

FOREWORD
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WHAT IS THE ILL

About the ILL

The Institut Laue-Langevin [the ILL) is an internafional research
centre providing world-eading facilities in neutron science
and technology. Neutrons are used af the ILL fo probe the
microscopic structure and dynamics of a broad range of
materials at molecular, atomic and nuclear level.

The ILL is owned by the three founding countries—France,
Germany and the United Kingdom. These three Associate
countries contributed some 65 ME to the Institute in 2017,
a sum enhanced by significant contributions from the ILUs
Scientific Member countries—Austria, Belgium, the Czech
Republic, Denmark, ltaly, Poland, Slovakia, Spain, Sweden
and Switzerland. The ILUs overall budget in 2017 amounted
fo approximately 101 ME.

The Insfitute operates the most intense neutron source in the
world, based on a single-element, 58.3 MWV nuclear reactor
designed for high brighiness. The reacfor normally functions
round-the-clock for four 50-day cycles per year, supplying
neutrons fo a suife of 40 high-performance instruments
constantly mainfained at the highest sfate of the art.

As a service insfitute, the ILL makes its facilities and expertise
available to visiting scientists. It has a global user community,
with approximately 2 000 researchers coming to work

at the ILL every year from almost 40 countries. The 800
experiments they perform annually are pre-selected by a
scientific review committee. Over 600 scientific papers

are published annually, following the treatment and
interpretation of data obtained by using our facilities.
Around 140 of these articles are published in high-impact
journals. This is a factor of two higher than the next most
productive neutron source in the world.

The ILl's Director and two Associate Directors are appointed
for a period of five years. They each represent one of

the three Associate countries. The ILL Scientific Council,
comprising external scientists from the Scientific Members
countries, advises the direcfors on the scientific priorities

of the Insfitute and the development of the instrument suite
and technical infrasfructure. It also assesses the scientific
output of the Institute. The ILL's main goveming body is the
Steering Committee, composed of representatives of the
Associafes; it meefs twice yearly. Scientific Member observers
participate in the Steering Committee meetings, as do ILL
senior management, the Chair of the Scientific Council and
staff representatives. The Steering Committee lays down the
general directives for management, and the Associates have
ultimate responsibility for determining the operational and
invesiment strategies employed by the Insfitute.
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NEUTRONS AND SOCIETY

The scope of the research carried out at the ILL is very broad,
embracing condensed matter physics, chemistry, biclogy, materials
and earth sciences, engineering, and nuclear and particle physics.
Much of it impacts on many of the challenges facing society
today, from sustainable sources of energy, better healthcare and a
cleaner environment, fo new materials for information and computer
technology. Neutron scattering experiments have, for example,
given us new insights into the structure and behaviour of biclogical
and soft condensed matter; this is important in designing better
drug delivery systems and in improving the processing of polymers.
They also provide a unique probe info phenomena such as high-
temperature superconductivity and the molecular magnetism liable
to provide the technology for computers of the future.

PREPARING FOR THE FUTURE

If the Institute has maintained its leading status in neutron science, it is
because it has been constantly upgrading ifs instruments, infrasfructure
and scientific equipment over the last 50 years. The latest upgrade
(the Millennium Programme) was complefed in 2016 at an overall
budget of about 80 k€ and has resulted in a global instrument
efficiency gain factor of around 25. The Millennium Programme
achieved its goals, but the need for ever more sensitive and powerful
instrumentation is constant. The ILL is therefore perpetuating progress
with its new Endurance Programme, which will continue to develop
instrumentation and support services with a view to mainfaining

the Institute’s world-leading position for another decade at least.
Endurance phase | is currently running (2016-2019), with a second
phase anficipated to run between 2019 and 2023.

© R. Cubitt

WHAT IS THE ILL

VWhy neutron scattering is usetul

When used to probe small samples of materials, neutron
beams have the power to reveal what is invisible using
other forms of radiation. Neufrons can appear to behave
as particles, waves or microscopic magnetic dipoles; with
these very specific properties they can provide information
that is offen impossible to obtain using other fechniques.
Below are a few of the special characteristics of neutrons.

WAVELENGTHS OF TENTHS OF NANOMETERS

Neutrons have wavelengths varying from 0.01 to 100
nanometers. This makes them an ideal probe of atomic
and molecular structures, whether composed of single
afomic species or complex biopolymers.

ENERGIES OF MILLI-ELECTRONVOLTS

The milli-electronvolt energies associated with neutrons are
of the same magnitude as the diffusive motions of atoms
and molecules in solids and liquids, the coherent waves in
single crysfals ([phonons and magnons| and the vibrational
modes in molecules. Any energy exchange, therefore, of
between 1 peV (or even 1 neV with neufron spin-echo
techniques) and 1 eV beftween the incoming neutron and
the sample is easy to defect.

MICROSCOPICALLY MAGNETIC

Neutrons possess a magnetic dipole moment which
makes them sensitive to the magnetic fields generated
by unpaired electrons in materials. They therefore play
an important role in the investigation of the magnetic

behaviour of materials at the atomic level. In addition, as

the neutron scattering effect of the atomic nuclei in a sample
depends on the orientation of the spin of both the neutron and
the atomic nuclei, neutron scattering fechniques are ideal for
defecting nuclear spin order.

ELECTRICALLY NEUTRAL

As neutrons are electrically neutral they can penetrate far into
matter without doing damage. They are therefore precious
allies for research info bioclogical samples or engineering
components under exireme conditions of pressure, temperature
or magnetic field, or within chemicalreaction vessels.

HIGH SENSITIVITY AND SELECTIVITY

The scattering from nucleus to nucleus in a sample varies in

a quasitandom manner, even for different isotopes of the
same atom. This means that light atoms remain visible in the
presence of heavy atoms, and atoms close to each other in
the periodic table can be clearly distinguished. This makes it
possible o use isofopic substitution (substituting deuterium for
hydrogen, for example, or one nickel isotope for another), in
order to vary the confrast in certain samples and thus highlight
specific structural features.

Neutrons are also particularly sensitive to hydrogen atoms
and are therefore essential for research info hydrogen storage
materials, organic molecular materials and biomolecular
samples or polymers.

www.ill.eu
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was a year of celebration for the
ILL, starting with the 50" birthday
of the Institute in January. We

celebrated 20 years of ltalian membership with a dedicated
session on neutrons af the FISMAT conference in Triesfe in
October, sponsored by the FILL2030 European project,
followed by a meeting of the ILL Steering Committee at the
impressive CNR headquarters in Rome. Spain joined the ILL
in 1987 and therefore reached 30 years of membership.
Since there is a limit to how many celebrations can be held
in a year, we will celebrate 31 years of membership with
the Steering Committee meeting in Madrid this November.
In view of these milesfones, the ltalian and Spanish
confributions in the following highlights are flagged.

While we were disappointed not to be able to deliver
the usual number of beam days in such a notable year,
the opportunity was taken to advance Endurance projects
(see page 74, reduce the backlog of unfreated data
and pursue scientific collaborations. More than 560 ILL
publications have been recorded to date in 2017, which
isa 5 % increase on 2016. Strikingly, more than 20 %
of publications in 2017 use data from more than one ILL
instrument, which is a marked increase on previous years
and confirms the trend for combining data from several
techniques in scientific publicafions.

This trend has several implications for the way we operate.
Access to beamtime should be more flexible, so that data

can be collected in the timeliest manner and to minimise

the time fo publication. In this context, and in view of the
disruption to thesis work for example, because of the limited
beamtime available in 2017, we have been promoting
Direcfor's Discrefionary Time (DDT) for experiments that need
to be performed quickly. Despite the name, the views of the
proposal subcommittees are solicited in the evaluation of these
requests. In addition, upon request short measurements will

be made more widely available from the second cycle this
year. This is called Easy Access, and has been available on
D2B for room temperature, powder diffraction for a number of
years. Easy Access will be available on all instruments under a
wide range of experimental conditions for short measurements,
to prepare or complefe experiments and to collect individual
data sefs that may complement publications.

The quality and quantity of scientific output at the ILL depends
on the number of neutrons delivered and the way we use
them, but also the intrinsic quality of our instruments and the
associated services. In addition fo the reviews conducted
within the framework of the Endurance upgrade programme,
we review three instruments or services each year with help
from the Scientific Council. In 2017, these were D16, D7
and the theory group. The need for upgrades for these
instruments in Endurance Phase 2 was clearly endorsed, as
was the need to expand and diversify the user communities.
In the case of D7, an effort fo bring in the solid-state
chemistry community alongside the physics community

SCIENTIFIC HIGHLIGHTS

studying magnetfic diffuse scattering was encouraged.
Software for data reduction and analysis is a key issue in
affracting a new user community, and is being addressed
specifically in the case of D7 and more generally by the
Bastille project in the Endurance programme.

Another user group at the ILL we would like to know more
about is industry, especially in the context of our motto
'neutrons for society’. The Industry Liaison Unit is now in the
Science Division at the ILL, and we would like to measure
and promote the impact of their use of neufrons. While direct
‘customer” use of our instruments is easy to identify, indirect,
collaborative use is more extensive [10-25 % of proposals)
but more difficult to measure. Indirect use would typically
involve industry sponsoring an academic research project
using neutrons. On the proposal submission forms, we now
request more precise information about industrial partners
[which will of course be treated confidentially) and ask

the subcommittees to evaluate the industrial relevance

of proposals. Finally, in 2017, we and our neighbours

the ESRF, were delighted to sign a Master Collaboration
Agreement for direct and collaborative use of our facilities.

We hope that you enjoy the scientific highlights that follow,
which illustrate the uniqueness and strengths of neutron
techniques, qualities also found in the scientific infrastructure
of the ILL. We look forward to a full year of scientific activity
in 2018 in which our User Meeting will be a major event.
The meeting is being organised by the ILL and ESS in
Grenoble to take place on 10-12 October. With the neutron
landscape in Europe in a sfate of fransition, we feel that it is
the perfect time fo bring together a large part of the neutron
community fo share and collect information on developments
af the two European facilities. This is a unique opportunity
to shape the future and we strongly encourage you to
participate. Further information and registration are available
on the website: http://neutrons4europe.com.

Mark R. Johnson
Associate Director,
Head of Science Division

www.ill.eu



COLLEGE 1 - APPLIED METALLURGY,
INSTRUMENTATION AND TECHNIQUES

E. Farhi (College 1 Secretary)

College 1 deals with subjects ranging from metallurgy to applied
sciences, archaeology, geology and insfrumentation. Hence, it
encompasses eclectic fields and their associated neutron scaffering
instruments af the ILL. If you are ever in doubt about which college
your experiment proposal fits, consider College 1.

Currently, metallurgy represents about 40 per cent of our sfudies.
This includes the characterisation of various steels and alloys
(fitanium-, nickel, silicon- and aluminium-based) obtained by, for
example, additive manufacturing or oxide dispersion-strengthening
processing. Typical results include residual stress, fatigue and
crack analysis.

Applied sciences studies represent another 40 per cent of subjects
in College 1. Topics such as hydrogen storage, fuel cells, lithium
and sodium batteries fall info this category, as typically do fibre
reinforcement and soft matter industrial materials.

Geology, art and archaeology, as well as innovative
instrumentation, complete the diverse landscape of proposals.

Most of our proposals are ‘industry relevant’ and many of the
research groups have indusiry backing.

COLLEGE 2 - THEORY
B. Tommasello (College 2 Secretary)

College 2 embodies the theorefical expertise of the ILL. The Theory
Group pursues research in synergy with the core mission of the
Institute. lts diversity, spanning disciplines from solid-state physics
fo soft matter and beyond, expresses its functionality and synergy
with the experimental challenges of other colleges. The year 2017
brought two new ILL theory postdocs: Elisa Rebolini, working on
ab initio calculations and parallel coding for condensed matter
systems; and Nicolas Garcia, investigating enftanglement in
heterogeneous polymers. Hender Lopez-Silva also joined us in
2017, and will spend two years of his postdoctoral project (ANR-
DFG ILL, Université Grenoble Alpes and the University of Tibingen)
working on static and dynamic properties of antibody proteins

in solutions. Last year also saw the NOTmeeting programme—a
platform for junior scientists to discuss theory regularly in an informal
setup—take shape. The Theory Group looks forward to 2018

and to starting new projects and consolidating promising ones,
one example being the collaboration between Jordan Hervy (PhD
at IPMMC-UGA, Grenoble] and Dominique Bicout investigating
stochastic processes for microtubule instabilities.

COLLEGE 3 - NUCLEAR AND PARTICLE PHYSICS
T. Jenke (College 3 Secretary)

The year 2017 was one of notable successes and several

new challenges for College 3. In March, 90 experts in nuclear
physics attended our workshop on ‘Fission and Spectroscopy of
Neutron-ich Nuclei’ and congratulated the FIPPS team on a very
successful first cycle of the instrument.

PN3 also celebrated ifs first cycle of the newly developed
GAMS-6 spectrometer, which has already led fo its first
publications. Unfortunately, the instrument will not be available
again until early 2021; the through-going beam tube H6/H7
had to be removed and considerable difficulties have been
encountered in fabricating a replacement. At PF1B, the first
campaign for Boron Neutron Capture Therapy (BNCT) was
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successfully completed. The ILL and TU Miinchen have agreed to
set up the spectrometer PanEDM to search for an electric dipole
moment of the neutron using the future UCN source SuperSUN.
The spectrometer itself was delivered to the ILL at the end of 2017.

Consequently, the ILL now hosts flagship experiments in all fields of
ultracold neutron physics: as well as PanEDM, GraviTRAP measures
neutron lifetime and qBounce and GRANIT handle data for testing

gravity at short disfances.

COLLEGE 4 - MAGNETIC EXCITATIONS
J. Ollivier [College 4 Secretary)

College 4 deals with magnetic excitations. Subject areas
encompass fields such as superconductors and frustrated
magnetism, and extend o molecular magnets. In particular, results
on low-dimensional frustrated systems leading fo exofic excitations,
as demonstrated uniquely by neutron scattering, continue o
highlight the 2016 Nobel Prize for Physics as illustrated by this
year's selected arficles. Strong demand for superconductor research
continues, with a clear shift to iron-based superconductors and a
slight drop in beamtime requests for classical, high-femperature,
copper-based superconductors. We have also seen a reduction in
work on molecular magnets despite many successful experiments
at the ILL in this field, as illustrated in this report. The coming

and going of scientfific fields is a fact of science, particularly at
large-scale facilities offering specific techniques. In this case, the
reorganisation of the community contributes fo the fluctuation.
Recent advances in the domain of quantum computing, in which
molecular magnets may have an important role to play, may give
new impetus fo fundamental research in this area or move the field
to a higher level of technological achievement.

COLLEGE 5A - CRYSTALLOGRAPHY
E. Mossou (College 5A Secretary)

The science related to College 5A allows detailed, atomiclevel
structural information fo be obtained from well-ordered solid-sfate
materials such as single crystals and polycrystalline powder
materials. These studies make use of the large suite of ILL and
CRG instruments, which cover a wide range of length-scale and
resolution as well as diffuse scattering. Proposals in 2017 followed
a similar trend to that of previous years, with functional materials
and large structures such as solid electrolytes, hydrides, efc. being
among the most prevalent. The rise observed over the last few
years in in situ, in operando studies, particularly on

lithium-ion batteries, is still very clearly present. These proposals
represent more than 15 per cent of the total number. Inferest in

the study of organometallic and metal organic framework (MOF)
systems also consfitutes a significant proportion of experiments
proposed. Most College 5A proposals have a very clear industrial
relevance that is mostly exploited through academia.

COLLEGE 5B - MAGNETIC STRUCTURES
N. Qureshi (College 5B Secretary) and T. Saerbeck [vice-Secretary)

In 2017, only the Spring proposal review round took place. We
received 130 proposals, which were discussed in the main group
(diffraction) and focus group (small-angle scattering and reflectivity)
fo ensure that each was given appropriate scientific discussion
during the subcommittee meefing.

There was strong interest, and many high-quality proposals, in the
field of frustrated compounds with exofic ground states, especially
in pyrochlore structures. Multiferroic and functional materials are as
popular as ever, as demonstrated by the high number of proposals
focusing on these sysfems. A rising frend in molecule-based
systems, such as metfal organic frameworks, molecular magnets
and magnetic ionic liquids, was also observed.

Topics for SANS are spread across skyrmion lattice, vortex lattice
and nanoparticle or grain studies. For skyrmions, new materials
and phase diagrams with extended environmental conditions are
being explored in addition to new bi-skyrmionic phases. Studies on
vorfex laftices have decreased in number, but it remains an active
topic for studying different materials, for example heavy fermion
superconductors. Studies on nanoparticles and grain structures are
directed more towards time-resolved studies and applications. For
reflectometry, strong interest lies in the invesfigation of structural
and magnetic properties of emergent, thinfilm materials, for
example half-metals, topological insulators and nanoparticle
arrangements, and the consequent proximity effects at interfaces
between the different components.

COLLEGE 6 - STRUCTURE AND DYNAMICS
OF LIQUIDS AND GLASSES

G. Cuello (College 6 Secrefary)

Water (bulk and confined) attracts as much attention as ever from
the College 6 community and materials science researchers.

In particular, one of our highlight experiments deals with water
organisation in nanochannels of imogolite nanotubes. This system
provides tuneable diameters and surface chemistry, allowing the
characterisation of water mobility in hydrophobic and hydrophilic
fubes as a function of the diometer.

lonic liquids are also a topic of great inferest because of the use
of aqueous solutions as alternatives fo lithium-ion batteries, which
raise safety, environmental and cost concerns. Another particular
highlight project of College 6 aims to study the structure of Li ions
around water hydrogen. This will give important insight info how
water arranges in water-in-salt and water-in-bisalt electrolytes.
This work benefits from the use of polarised neutrons to separate
coherent and incoherent confributions to the structure factor.

We look forward fo a full and stimulating programme of challenging
experiments on liquid and amorphous systems in 2018.

COLLEGE 7 - SPECTROSCOPY IN SOLID-STATE
PHYSICS & CHEMISTRY

A. Piovano (College 7 Secrefary)

A broad variety of topics in solidstate physics and chemistry
constitufe the activities of College 7. They include fundamental
studies of the physics governing intriguing phenomena, but also
studies with an impact on sociefty concering the environment,
energy and life sciences.

The suite of instruments available fo the college includes the
TOF machines IN4, IN5 and IN&-Sharp, the INS spectrometer
LAGRANGE, the triple-axis instrument IN8 as well as the high-
resolution instruments INT 1 and INT6B. This suite of state-of-art
instruments covers the complete Q and energy ranges.

More and more realistic calculations at the atomic scale, using
either DFT approaches or model Hamiltonians, are necessary
nowadays to rationalise and understand experimental data. There
are, however, new open quesfions concerning, for example, the
proper freatment of disordered systems, phonon lifefime calculations
and others, for which analysis tools need to be developed by ILL
staff and the user community.

COLLEGE 8 - STRUCTURE AND DYNAMICS OF
BIOLOGICAL SYSTEMS

A. Martel (College 8 Secretary)

College 8 deals with biological samples, using different
fechniques fo study macromolecular structure in solutions (SANS)
and in crystals [LADI, D19), bio-mimicking surfaces [reflectometers,
D16) and macromolecular dynamics (INT5, INT3, INT1). The
systems studied are generally of health relevance, although
fundamental science and materials science are also represented.

The information provided by these techniques is unique, thanks

fo the ability to distinguish macromolecules by their type (DNA
versus protein), often taking advantage of deuteration to highlight
a particular component of the system or focus on hydrogen bonds
which are so offen crifical in enzymatic processes. The D-lab

is available to support users who wish to deuterate biological
molecules, while the PSB platforms and the PSCM offer many
fechniques for complementary characterisation. The biclogy
laboratories of the EMBL are also available to users for specific
sample preparation.

COLLEGE 9 - SOFT CONDENSED MATTER
I. Hoffmann (College @ Secretary] and Ph. Gutfreund (vice-Secretary)

The more than 140 proposals submitted to College 9 in the last
proposal round underlines both the high level of overall activity

in the field of soft condensed matter and the great demand for

neutrons in the field.

Increasingly complex experiments need increasingly complex
sample environments in which to study the influence of external
stimuli and fields on complex systems. This demand is met by the
ILL by, for example, providing new pressure cells for SANS and
NSE or a new shear cell for IN15. As experiments often explore
time-dependent processes, fast acquisition times are needed which
are possible with the ILUs high-flux neutron beams. One way to
achieve acquisition times of 100 ms or lower is the ‘coherent
summing' mode recently made available on the reflectometers
D17 and FIGARO, and ongoing work to implement RAINBOWS'
wavelength-dependent defection.

Another consequence of using more complex systems is the need
for additional sample characterisation—the PSCM labs provide a
large range of instruments for this purpose. In 2017 the laboratories
hosted 650 experiments by internal and external users. As there is
a particularly high demand for Dynamic Light Scattering (DLS), an
additional new instrument was acquired.

More information on the support facilities mentioned above can be
found on p.106.
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Multi-domain proteins:
combining neutrons and
NMR makes the difference

Small-angle diffractometer D22
KWSI and KWS2 beamlines at the Heinz

Maier-Leibnitz Zentrum

Most eukaryotic profeins feature multiple
domains connected by flexible linkers.
These multi-domain profeins are at

the core of many essential processes

of life. Standard structural biclogy
methods often fail to capture a detailed
picture of their molecular mechanism
due to inherent dynamics and fransient
binding. By infegrating nuclear magnetic
resonance (NMR] spectroscopy,
segmental deuteration and small-angle
neutron scattering (SANS), the structures
and dynamics of multi-domain profeins
can be efficiently determined to

unravel their molecular functions.

Figure 1

Cartoon representation of a multi-domain
RNAbinding protein.

Left) the unbound protein comprises three
canonical RNA recognition mofif (RRM)
domains connected by flexible linkers.
Right) upon RNA binding, domain
rearrangements occur. An important

task is defermining the arrangements

of individual domains upon binding to

the ligand.
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To understand the functional mechanisms of multi-domain
proteindigand interactions, it is important to determine

the structures in the bound state and observe how the
domains rearrange upon binding fo a ligand (figure 1).
However, long, intrinsically disordered linker regions
offen prevent crystallisation or image reconstruction in
cryo-electron microscopy. A combination of nuclear
magnetic resonance (NMR) and small-angle scattering
can overcome these problems. For larger systems, e.g.
multi-protein-nucleic acid complexes, the use of small-
angle neutron scattering [SANS) especially has been
demonstrated to be a powerful alternative [ 1, 2]. Here,
deuterium oxide (D,O) concentrations in the solute’s buffer
can be varied to mafch the scattering density between
the buffer and parts of the complex, depending on the
subunitselective deuteration scheme. SANS experiments
can then provide centre-ofmass distance resfraints between
components of the complex. Unfil now, this approach has
been limited to macromolecular complexes, reconstituted
i.e. reassembled) from deuterated and hydrogenated
individual proteins in solution. But how can specific
domains or regions within a single peptide chain

be deuterated?

In a recent publication, we employed sortase Amediated
protein ligation fo fuse separately expressed domains with
distinct isotope composition info a single peptide chain.

In this way, it is possible to fuse a deuterated domain to

a protonated domain of a mult-domain protein, enabling
contrastmatching in SANS of sub-domain selectively
deuterated samples [3]. As an example, we employed this

NMR X-ray NMR SAXS SANS

+ RNA

log(l)

©0%D,0
7T 042%D,0
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— —>
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Figure 2

Schematic representation of the structural analysis. NMR and Xray
structures of individual domains are used for rigid body modelling

of TIA-1 RRM123. The initial pool of 5 000 structures is first scored
against the SAXS data on RRM123 bound to U15 (SAXS filter). The
remaining 67 sfructures are then evaluated against the experimental
SANS data at various HyO:D,O ratios (SANS filter). The SANS data
provide unique information for defining the domain arrangements as
represented by a final ensemble of structures.

approach for our sfructural analysis of the T-cell-restricted
infracellular anfigen-1 (TIA-1) protein, a key player at the
level of postiranscriptional premRNA processing. TIA-1
modulates alternative splicing of cancerrelated premRNAs
by binding to uridine-rich (Uich) premRNA sequences
downstream of weak 5 splice sites [ss). The protein
contains three canonical RNA recognition motif (RRM)]
domains, all connected by flexible linkers (figure 1).
Even though structural studies are available on the
individual domains and a tandem RRM2-RRM3 [RRM23)
{rogmem, all in the free state, the domain arrangement in
the RNA-bound sfate and the specific role of RRM1 for
RNA binding remain unclear.

SANS data on domain-selective, segmentally deuterated
TIA-1 constructs were recorded under several conditions
(H,O:D,0O ratio in the solvent) on D22 at the ILL, and

on the KWST and KWS2 beamlines af the Heinz
Maierleibnitz Zentrum [MLZ). Using sortase Amediated
profein |igotion, the sing\e-choin multi-domain profein was
reconstituted from hydrogenated and deuterated RRM1
and RRM23 domains. The contrastmatching neutron data
were used as a filtering step in rigid body modelling of the
fulHength protein.

Assembling all available structural information from NMR
and Xray crystallography (figure 1), a random pool of

5 000 structures was generated by randomising the linker
connecting the three RNA binding domains. This initial
pool was first scored against the experimental smallangle
Xray scattering (SAXS) data and the remaining sfructures
against the SANS data (figure 2). Notably, the SANS
data were of high discriminative power because the
conformational space was drastically reduced. The final
ensemble of five structures provides unique insights info
the domain orientation and organisation of TIA-1 in the
RNAbound state. Although the fulllength protein compacts
upon RNA inferaction, the neutron scattering data reveal
that RRM1 is spatially more separated from the closely
packed RRM2 and RRM3 domains. Moreover, RRM1 is
detached from the RNA, which supports a minor role in
profein-RNA interaction.

The protocol developed here for combining data, using
Xrays, neufrons and nuclear spins, will be applicable
fo other challenging and dynamic multi-domain proteins
carrying out crucial functions in eukaryotes.
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Glycolipids vs phospholipids:
dipoles make the difference

High-resolution diffractometer with
variable vertical focusing DI6

Membrane systems that naturally occur as
densely packed membrane stacks (thylakoids
in plants or myelin in the brain) contain

high amounts of glycolipids, whose sugar
headgroups display multiple small electric
dipoles in the form of hydroxyl groups. The
hydration repulsion between glycolipid
membranes is of much shorfer range than
that between zwitterionic phospholipids,
whose headgroups are dominated by

a single large dipole. With molecular
dynamics (MD) simulations, we were able
fo reproduce the repulsion forces between
phospholipid membranes and between
glycolipid membranes, as measured by
neutron diffraction (ND) under controlled
humidity. The simulations reveal that the
repulsion between glycolipid membranes

is solely governed by the hydrogen-bond
balance between water and the sugars
featuring waterlike dipoles. Additional
repulsion mechanisms, which require
correlated large dipoles and are responsible
for the stronger swelling of phospholipid
membranes, are inoperative for the
glycolipids. These results explain the tight
cohesion between glycolipid bilayers from
thylakoid membranes, which is essential for
the biogenesis of photosynthefic membranes.
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Naturally occurring neutral membrane lipids in various
biological organisms can be divided info two main
classes: phospholipids, among which phosphatidylcholines
[PCs), whose headgroup is dominated by a single

large electric dipole (figure 1a), are the main lipid

fype in most membranes; and glycolipids, such as
digalactosyldiacylglycerol [DGDG), whose saccharide
headgroups display multiple small electric dipoles in the
form of hydroxyl groups (figure 1b). Such glycolipids are
found in high concentrations in densely packed membrane
stacks like thylakoids [photosynthetic organelles in plants)
or myelin sheaths in vertebrates. Both phospholipid and
glycolipid membranes repel each other in water at short
distance due to the hydrophilic lipid headgroups, a
phenomenon commonly termed hydration repulsion.

Experiments have shown that the repulsion between
glycolipid membranes is of much shorter range than
that between phospholipid membranes [1-3], see
figure 2b. In fact, as measured by neutron diffraction
on D16 (figure 2a), the water layer between
glycolipid membranes in excess water remains as

thin as 1.2 nm, whereas it is typically around 3 nm

for phospholipid membranes.

In order to gain insight info the underlying mechanisms,
we used atomistic molecular dynamics (MD) simulations
(figure 1c), which allow the description of biomolecular
systems at full chemical detail. By using a recently
developed simulation fechnique [4], our simulations
quantitatively reproduce, with remarkable agreement,

the experimental pressure-versusdistance curves between
glycolipid and phospholipid membranes (figure 2) [5].

Figure 1

Chemical structures of a PC lipid (a) and of the glycolipid DGDG
(b) as representatives of two fundamentally different lipid classes
found in nature: lipids with a headgroup chemistry dominated by
one large electric dipole, and lipids whose headgroups comprise
multiple small electric dipoles in the form of OH groups. Both
classes are schematically illustrated below the chemical structures,
with dipoles indicated by arrows.

¢) Simulation snapshot of interacting DGDG membranes.

With periodic boundary conditions in all three directions, the
simulations represent a periodic stack of membranes. The simulation
box is indicated by a bright rectangle. For illustration purposes,
water molecules are only shown in the lower half of the box.

The simulations allow us to systematically decompose
and analyse different contributions to the repulsive force.
We show that repulsion in glycolipids is driven by the
hydrogen-bond balance between water molecules and
the sugar headgroups, which have waterlike dipoles.
For PC lipid membranes featuring large correlated dipoles,
two additional repulsion mechanisms are relevant:
repulsion due to water structuring effects and repulsion
due fo the entropy loss associated with a reduction of
the lipid conformational freedom upon surface approach.
Both mechanisms were found to be inoperative for the
glycolipid membranes, so that the corresponding
pressure—distance curve decays more rapidly than

that of the phospholipid membranes (figure 2b) [5].

Figure 2

a) Neutron diffraction of DGDG membrane stacks in excess water,
measured on D16. The inset is a plot of the Bragg reflection positions.

b) Pressure—distance curves of DGDG and PC lipid membranes as obtained
in experiments (open symbols] and in the simulations (filled symbols).
Straight dashed lines in the semi-logarithmic plots indicate that the
bestmatching exponential fits to the experimental data points for DGDG
and fo the combined experimental data sets for egg PC and DLPC.

More generally, the results demonstrate that the
characteristics of the repulsion between lipid membranes
{or hydrophilic surfaces in general) in terms of strength,
range and mechanisms are not governed by a universal,
waterinherent mechanism but are highly sensitive to the
headgroup chemistry [5]. Differences in the interactions
are also exploited by nature in building membrane
architectures: tightly packed membrane structures like
thylakoids are built predominantly of glycolipids, whereas
most other membrane types, where such adhesion is
undesired, are rich in phospholipids.
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A common critical
dynamic regime for
proteins upon melting

Backscattering spectrometer INI3

Profeins are molecular nano-machines that
carry out essential metabolic processes

in living organisms. Full knowledge of
their structure and dynamics in their
native, transition, intermediate and
denatured states is a key goal of life

and physical sciences. Here, we show
that the amplitude of local fluctuations

of a model protein in the presence of
different environments rescales to the
same value when approaching unfolding
femperature, meaning that these machines
can sustain up to a cerfain level of
infernal flexibility before abandoning

their native structure and functionality.

Figure 1

Scaling law of protein fast fluctuations by EINS. The experimental
Llindemann parameter for CEWL is shown in the presence of different
environments as a function of reduced temperature T/T, oyp, for
CEWL+water [blue], CEWL+glycerol (green] and CEWl+glucose
(pink). All the solvents are perdeuterated. The red hatched area
highlights the region of critical MSD corresponding to the protein
melting in the different environments. Also shown are the structures
of CEWL obtained by Xray data (upper inset, left) and with the
information on root mean squared fluctuations from MD simulations
(upper inset, right). The lower inset shows CEWL in an
unfolded conformation.
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The atomic traits of the dynamic mechanisms by which,
upon increasing femperature, a protein structure is
progressively destabilised and eventually fransforms

info a melted inoperative state, are sfill elusive. It has
previously been proposed that besides playing a crucial
role in the onset of protein biological activity [1], fast
infernal dynamics are also important in modulating the
stability of proteins because they are a major component
of conformational entropy [2].

Within this context, the amplitude of sub-nanosecond

time scale structural fluctuations of proteins can be greatly
reduced by sugarglass matrices surrounding their surface,
thus making their melting temperature T_much higher than
the one they have when dissolved in aqueous media.
Since these infernal subnanosecond protein motfions

are sfrong\y driven by temperature, it is relevant to track
changes in their amplitude along the pathway toward
thermal unfolding.

Hence, we used the elastic incoherent neutron scatfering
[EINS) technique on the IN13 spectrometer to measure
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the mean squared displacement [MSD) of the model
protein chicken egg white lysozyme (CEWL) in the
presence of different solvent matrices, from water to
glassy networks. In fact the unfolding temperature of
CEWL is largely modulated by the environment, being
340 K, 370 K and 400 K when the shell around the
profein surface consists of water, glycerol and glucose
respectively, so we could sample increasingly stable
systems in a wide femperature range up to melting point
[3]. To support and inferpret the protein measured by
MSD, we also assessed the protein thermal response
and melting in silico by performing atomistic molecular
dynamics simulations based on the replica exchange
with solute fempering [REST2) method [3].

Inspired by the Lindemann criterion, which states

that crystals liquefy when the amplitude of atomic
thermal vibrations exceeds a fraction of the interatomic
spacing, we compared the MSD of CEWL normalised
by the most-probable, non-bonded, nearneighbour
distance a, in the presence of three different molecular
environments, i.e. water, glycerol and glucose. We
then defined the Llindemann parameter for proteins

as A = 1/alMSD/2)'/2. Quite strikingly, in figure 1
we see that, even if its frend is largely tuned by the
molecular environment, the Lindemann parameter of
CEWIL converges to a common value in proximity to ifs
specific T_. In other words, the fast infernal dynamics
of the biomolecule enter a common dynamical regime
corresponding fo the melting transition.

It is worth noting that the MSD measured by neutron
scattering, and consequently the parameter A ®, result
from the combined amplitudes of fluctuations from folded
and unfolded states, with a predominant contribution
from the latter as the melting temperature is crossed. To
dissect the separate confributions in nafive and unfolded
states, we exploited molecular dynamics simulations of
CEWL in water and glycerol environments [3]. Exploiting
the two-state model, we combined the contributions to
the MSD from folded and unfolded states fo assess the

Figure 2

The Lindemann parameter obtained by
combining the folded and unfolded
states MSD from MD simulations,

MSD = f 'MSDfo\ded +1 ’HMSDunfoldedr
with f the fraction of folded states, for

Glycerol CEWL+H,O (blue closed circles) and

CEWL+glycerol (green closed circles).

In the same graph we also show the
folded-state contributions (same colours
but open circles). The coloured stars
indicate the experimental points of

the two systems. The inset shows the
alternative schemes employed fo simulate
CEWl+water and CEWL+glycerol.

in silico Lindemann parameter. As shown in figure 2,
A converges upon melting for CEWL in the presence of
both water and glycerol, although to a larger value than
A= owing 1o the shift of the in silico melting point with
respect fo the experimental one. Figure 2 also shows
that the difference between the MSD in folded and
unfolded conformations is small.

One might question whether the threshold we found for
thermal fluctuations upon melting can be generalised o
proteins other than CEWL. Actually, we have found that
the same value of the lindemann parameter holds for
different proteins; thus it seems that A does not depend
significantly on profein size, and that it is independent of
the presence of a quaternary sfructure [3]. This common
dynamic regime could correspond to conditions where a
certain critical value of conformational entropy is reached,
at high enough temperature, and unfolding events become
predominant. We propose that this universal trend can also
be used to predict the thermal stability of cells, under the
hypothesis that the cell's death temperature corresponds to
the denaturation catastrophe of its profeome [4].

The relationship we have found adds an important piece
of information fo our in-depth understanding of the folding
and unfolding of proteins which are, in turn, crucial
processes in the metabolism of cells, regulating biclogical
activity and targeting proteins at different cellular locations.
Such information could be also key to the biotechnology
and pharmaceutical fields, where therapeutic principles
based on proteins are worth many fens of billions in
currency on the world marke.
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High hydrostatic pressure
specifically affects
molecular dynamics and
the shape of low-density
lipoprotein particles

Time-of-flight spectrometers INS and IN6
Backscattering spectrometer IN13
SANS-1I beamline at PSI

Low-density lipoproteins are natural
nanoparticles circulating in the blood
that play an important role in the proper
functioning of human lipid mefabolism.
Here, by combining different neutron
scattering methods we explored the
effects of high hydrostatic pressure on
the structural and dynamical features

of two distinct low (space) density
lipoprotein species—representing either
normolipidemic or triglyceride-rich
entities—that simulate some pathologies.
Our results revealed that low-density
lipoprotein particles are much more
resistant to high pressure applications
than are biological membranes.

Figure 1

Cross-section (left) and photograph (right) of the aluminium pressure cell.
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A key deferminant of lipoprotein functionality in both

health and disease is the molecular lipid composition of

the individual lipoprotein particles, which also determines
their molecular structure and dynamics. Low-density
|ipoprofeins (LDL) are the prmcipo| carriers of cholesterol in

the bloodstream, their primary function being fo provide
cholesterol for peripheral fissues. However, modified LDL
particles are also associated with an increased risk of
cardiovascular diseases such as atherosclerosis and coronary
artery disease, which are among the most prevalent causes of
death in Western civilisation [1]. LDLs are natural nanoparticles
with a diameter of about 20 nm. They are composed of a
hydrophobic lipid core primarily comprising cholesteryl ester
and triglyceride molecules, surrounded by an amphiphilic
monolayer of phospholipids. In the outer phospholipid shell a
single copy of the apolipoprotein B100 is embedded.

Research has shown that minor changes in lipid composition
or LDL particle size could affect their physiological function
through modulation of protein flexibility or membrane fluidity.
As DL particles have shown distinct dynamical behaviour
as a function of molecular composition and temperature that
is comparable to cell membranes [2], we assumed that DL
particles, like lipid membranes, would be highly sensitive

to pressure as well. Notably, the dynamic landscape for
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Figure 2

Sketch of the effects of high hydrostatic pressure (HHP) on LDL particles.
The overall shape and dynamics of LDL particles with a normolipidemic
lipid composition (N-LDL) were highly resistant to pressure applications
(a). The dynamics and structure of triglyceriderrich LDL particles (TG-LDL)
was much more sensitive to HHP. At low pressure TGLDL particles were
rather spherical but approached the ellipsoidal morphology of N-LDL

at high hydrostatic pressure (b). The blue coil symbolises the altered
dynamics within the particle.

lipoprotein species under high hydrostatic pressure

[HHP) has never been investigated before. Indeed, so

far specific information on molecular motions, infrinsic
Hexibihfy and conformational sfobi\if\/ is \ocking, especio”\/
with respect to the structural infegrity of DL particles
exposed fo extreme external stress conditions. The high
pressure cells available at the ILL are shown in Figure 1.

To probe the structure and molecular dynamics of DL
under HHP (range from 20 to 3 000 bar), we combined
data from different neutron scattering fechniques: small-
angle neutron scattering [SANS), elastic incoherent
neufron scattering (EINS] and quasi-lastic neufron
scattering (QENS). We compared two compositionally
different LDL species, namely an LDL particle with a
normolipidemic composition (N-LDL) and a triglyceride-
rich form of LDL (TG-DL).

The SANS experiments were performed on the SANS-I
beamline of the Paul Scherrer Institute (PSI, Villigen,
Switzerland). For the QENS experiments we used the
time-offlight spectrometers IN5 and IN6 at the ILL, while
the EINS experiments were conducted on the thermal
neufron backscattering spectrometer IN13. With these
instruments we could combine elastic and quasi-elastic
scattering data af two different time windows to identify
various types of motions at the atomic scale. We found
that HHP did not change the types of motion in LDL, but it
did influence the portion of populations participating in the
individual motions. Analysis of the QENS data recorded
at HHP (3 000 bar| revealed no changes in the dynamics
of N-LDL, whereas a significant difference for TG-LDL was
found: the elastic part became much more pronounced,

Y
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while the shape of the quasi-elastic broadening was not
affected. This indicates that HHP influences the elasfic
intensity extracted from QENS data as well as the mean
square displacement (MSD), which can be extracted from
EINS measurements. In particular, TG-LDL showed a lower
MSD value indicative of the reduced flexibility of motions
and increased stiffness at HHP. The SANS data, which
were analysed using a friaxial ellipsoid model, revealed
that the shapes of the LDL particles were transformed from
quasi-spherical to more elongated ellipsoids under high
pressure. At low pressure, TG-LDL particles were rather
spherical but approached the ellipsoidal morphology of
N-LDL at HHP.

We determined that LDL copes surprisingly well with
high-pressure conditions, although the lipid composition,
especioHy the Trig|yceride content of the porﬂc\es, affects
the molecular dynamics and shape arrangement of

LDL under pressure. We conclude that triglyceride-rich
DL particles, which are thought to mimic pathological
conditions, are more pressure-sensifive than are their
healthy counterparts. Our data suggest that a subtle
interplay between the structural flexibility and infrinsic
molecular dynamics of lipids and proteins partially
compensates for variations in the chemical composition
of the particles, particularly under exireme external stress
conditions. A deeper understanding of the molecular
parameters that determine the complexity of DL particles
could help o develop new concepts for the early
diagnosis and target-specific therapy of atherosclerosis.
A summary of our findings is given schematically in
Figure 2.
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Escaping the squeeze -
soft particles at high densities

Small-angle scattering diffractometer DII

Soft particles such as polymeric
microgels can form ultra-dense phases
with intriguing properties, where the
average centretocentre distance can
be significantly smaller than the initial
unperturbed parficle diameter. However,
despite efforts devoted to microgels at
ultra-high densities, we know surprisingly
litle about their response to their
environment at effective volume fractions
above close packing. Small-angle
neutron scattering (SANS) is an ideal
method for obtaining this information.
We therefore performed measurements
on the smallangle instrument D11,
using a so-called zero average contrast
method in order to characterise the size
and shape of microgels over a very
large range of particle concentrations.

Figure 1

Schematic description of the temperature-induced
swelling/de-swelling of thermo-responsive microgels.
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Thermo- and pHresponsive neutral or ionic polymer microgel
parficles present a particularly interesting class of colloids.

They are formed by a crosslinked polymeric structure based on
stimulitesponsive polymers such as poly(N-isopropylacrylamide)
[PNIPAm) [1]. These particles can undergo reversible continuous
or discontinuous volume transitions upon variations in external
stimuli such as temperature, pH or ionic strength. Microgels
possess a variable degree of softness and a tuneable inferaction
potential that can vary between hard-sphere and very soft
repulsive. Moreover, the fact that soft microgels can interpenetrate
fo a certain degree allows the creation of states with densities far
above close packing, so-called squeezed sfates, with interesting
structural and dynamic properties. The thermo-responsive
properties of microgels have, for example, been used fo induce
crystallisation or the onset of a glass transition through a variation
in the femperature, and thus the particle size and the resulting
volume fraction ¢ (figure 1) [2].

However, do particles at very high packing fractions sfill have
the same size and shape, or are they compressed and/or
faceted? Despite the considerable amount of work that has been
performed on microgels, our knowledge about particle size,
shape and local structure as a function of particle volume fraction
at high packing fractions is limited. And yet this information is
crucial to any attempt to understand the behaviour of dense
microgel suspensions. In particular, the extent to which the
microgel particles interpenetrate or become compressed and
faceted at effective volume fractions close to or beyond random
close packing is very important. It is for this reason that we
conducted a systematic investigation of the microgel sfructure

at high effective volume fractions, using smallangle neutron

Figure 2

Schematic view of a zero

average confrast experiment,

where the colour represents
the scattering length density
of the hydrogenated and
deuterated particles and the
solvent, respectively.

Figure 3

Examples of the concentration-normalised scattered intensity I(q)/

deff as a function of the scattering vector q for a 50-50 mixture of
hydrogenated and deuterated particles at a temperature T = 16.4 °C
in a zero average contrast solvent mixiure, for different values of the
effective volume fraction 0.33 < ¢off < 1.68. Inset) the corresponding
infensities I(q) from SAXS, where the position g* of the maximum of

the resulting structure factor peak is also indicated. The data are offset
along the ordinate for clarity, with increasing ¢ from bottom to top.

scattering (SANS) experiments on the instrument D11 with
mixtures of deuterated and hydrogenated microgels under
so-called zero average confrast [ZAC) conditions fo exfract
the particle form factor at all densities [3].

While the resulting scattering infensity in a fraditional SANS
or Xray (SAXS) scattering experiment contains confributions
from the particle size and structure (the particle form factor
Plg)] and the positional correlations (structure factor S(q)),
this is nof the case for an equal number density mixture

of hydrogenated and deuterated but otherwise identical
particles under socalled zero average contrast conditions.
Here, the scattering length density of the solvent (a mixiure
of H,0 and D,O) is chosen to correspond to the average
value of the two particles (figure 2), which results in a
cancellation of all contributions fo the measured structure
factor and a resulting scattering infensity that reflects the
average particle form factor only [3].

This is demonstrated in figure 3, where we see the
concentration-normalised scattering intensities from
suspensions of microgels at different concentrations from
below to far above close packing. The dafasets almost
overlap at all concentrations and show no signs of an
inferaction peak normally present for colloidal particles with
soff repulsive inferactions at these concentrations. This is in
quife clear contrast fo the data from SAXS experiments using
the same samples, as shown in the inset of figure 3, where
the grdependence of the scattering intensity is dominated by
a wellpronounced pecak in S(q), with a peak position af g*
that moves to larger qrvalues with increasing concentration,
reflecting the decreasing average centreto-centre distance .

Figure 4

Normalised overall dimensions Rsans/Ro as a function of ¢ obtained
from SANS at T = 15 °C (solid black circles) and T = 27 °C (solid

black triangles). The average normalised centre-to-centre distances ay/aq
from SAXS are shown as solid red circles for T = 15 °C and friangles for
T =27 °C, and data from confocal laser scanning microscopy are shown
as solid red squares for T = 15 °C.

The solid red line represents the dependence of the normalised centre-fo-
centre distance on the number density of particles interacting via a soft
repulsive potential given by a,/ag ~ 1/¢/3. The location of the glass
transition is indicated by the solid black arrow (T = 15 °C) and the black
dashed arrow (T = 27 °C) at the bottom, and an estimate of the volume
fraction ¢ where the outer shell touches the dense core of the nearest
neighbour particles is given as the short solid black (T = 15 °C) and
dashed (T = 27 °C) lines at the fop.

Quantitative analysis of the scattering data using a
so-called fuzzy sphere model for the structure of the
microgels demonstrates that the effective particle radius
Rq s decreases only weakly for very highvolume fractions
when compared with the unperturbed size at high dilutions,
R, [3]. This is shown in figure 4, where the ratio
Rsans/Ro is given together with the average
centretocentre distance a_ normalised by the particle
diameter a,, as obtained from SAXS and confocal
microscopy for two different temperatures. At high
concentrations, where the sample undergoes a glass
fransition, particle size can be significantly larger than

the average centre-to-centre distance between particles,
indicating sfrong inferpenetration without defectable shape
deformation. It is inferesting fo note that a measurable
decrease in particle size only occurs for concentrations
where the soft outer corona of the particles touches the
inner, more strongly cross-linked core. The conclusions

from this study have recently been confirmed using
superresolution optical microscopy for similar microgels [4].

Our results clearly indicate that care must be taken

when frying fo use microgels as simple model systems to
investigate phase transitions or look af various macroscopic
viscoelastic properties. Their ability to interpenetrate and
de-swell appears to depend strongly on particle softness,
infernal cross-ink density distribution and temperature,
which will certainly require a second look af some
previously postulated microscopic sfructural models used to
describe flow properties of dense suspensions of microgels.
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Taming complex fluids
for smarter lubricants
and adhesives

Reflectometer FIGARO

Everyone is familiar with complex
fluids: from daily items like kefchup or
shampoo, through hitech motor oil in
cars, o our own biological fissues.
They all have a rich mechanical
response: shearthinning or thickening,
rod-climbing, memory effects and many
more. They also present challenges, like
shearbanding and surface slippage.
Neutrons reveal the defails of this
complex inferface under shear flow. In
this paper we contribute to the design
of better lubricants and adhesives, and
maybe even of treatments for arthritis.

Figure 1

Experimental setup and simulated polymer conformation. The experiments
are conducted with the silicon-polymer interface horizontally oriented. The
wave-vector fransfer Q, is perpendicular fo the inferface. Shear is applied
by the theometer via a fitanium cone or plate.

Lower right panel) shows a conformation snapshot plotted from the
simulation data. The interpenetration of the polymer brush (yellow) and free
chains (blue) is clearly visible.

Upper right panel) with applied shear the free chains are pulled out
of the brush, the mean thickness of the brush decreases and the interface
becomes sharper.
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A polymer brush is a unique type of surface
functionalisation, consisting of |ong po|ymer chains dense\\/
tethered by one end to a surface. The conformation of a
solvated brush is markedly different to that of chains in bulk
solution, as the brush must stretch away from the surface fo
minimise confact with densely grafted neighbouring chains.
Polymer brushes are of broad interest across a variety of
sectors, since tuning inferfacial properties [e.g. chemical
composition, molecular weight, grafting density) can yield
surface coatings with a high degree of control and in some
cases completely new functionality.

The static properties of polymer brushes are well
understood, thanks to extensive theoretical and
experimental studies. Our knowledge of brush dynamics,
however, is sfill incomplete, even though it is crucial for
controlling flow. To help fill this gap, our study focused on
the response of brushes to an applied shear stress while
swollen and deeply interpenetrated with a bulk polymer
solution, as illustrated in figure 1. The chains are
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Figure 2

Left) neutron reflectivity of the entangled polymer brush system at
equilibrium (blue squares), and under a strong shear flow (red circles).
Right) the fited brush density profile reveals that the change in
reflectivity is caused by the sharpening of the brush-bulk interface.

strongly enfangled and their relaxation time is about

1s, similar to the scale encountered in real world
applications. However, the brush—bulk interface remains
very challenging to investigate due to its complex,
heterogeneous, strongly inferacting, non-equilibrium and
confined nature. VWe have therefore supplemented neutron
reflectometry [ 1] with our recently developed computer
simulations [2]. This combination enables greater insight
info what is occurring at the interface, compared with
applying the two approaches separately.

Due to deuterium labelling, neutrons can reveal a sfark
contrast between the polymer brush and the free chains
in solution, which are otherwise chemically identical to
polystyrene. Therefore, any change in the brush structure
that may happen under shear flow will influence the
neutron signal. As shown in figure 2, we observe up
to a 50 % decrease in reflectivity when shearing. This
result is consistent across a range of grafting densities and
chain lengths, and confirms earlier ex situ studies of a
similar system. Our coarse-grained computer simulations
support this Hnding and provide additional information,
such as the lateral brush structure, which is unobservable
in the experiment.

We have shown both experimentally and computationally
that the entangled polymer brush thickness decreases with
shear. More precisely, we observed a shrinking of brushes
proportional fo the square of the applied shear rafe, see
figure 3. This non-inear effect is attributed to the normal
stress difference, which is an excess pressure build-up
perpendicular to the applied shear flow and is well known
fo occur in bulk enfangled polymer fluids, where it leads
fo the so-called Weissenberg effect. The time scale of the
brush collapse is defermined by the reptation fime of the
free chains in solution rather than the internal dynamics

of the brush. The brush thickness returns to equilibrium
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upon cessation of shear, and the effect can by cycled
many fimes over. These observations are corroborated

by a simple phenomenological theory, which states that
the polymers tend to adopt a conformation as close as
possible to the one in equilibrium. The overall deformation
is smallest if the grafted chains shrink perpendicular to the
flow, thereby hiding from some of the shear stress.

o

S

a = Theory

:IC: 0.95- @ Brush-long-sparse
'_::2 M Brush-short-dense
é 091 % Simulation

S

N

Q

g 0.857

)

>

)

o 0.8

=

©

£ 0751~ : : ‘

0 0.5 1 15 2 2.5 3 3.5
Shear in Weissenberg number, Wi

Figure 3

Brush thickness under shear, normalised to the equilibrium thickness.
Only the brush-bulk overlap region is considered in this comparison.
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Strain engineering of
multiferroic properties in
TbMnO, epitaxial thin films

Single-crystal four-circle diffractometer DIO
Three-axis spectrometer RITA-Il at PSI

Multiferroic materials are capable of hosting electric
and magnetic order parameters simultaneously. The
coupling of the order parameters and the possibility of
crosscontrol by magnetic and electric fields [ 1] makes
them attractive candidates for potential applications
in device technology. Orthorhombic rareearth
manganifes [0RMnO,: R = Gd - Lu) demonstrate
multiferroicity induced by the ordering of Mn®* spins
and represent the family of spin-driven multiferroics
[2]. ToMNnO, is a prime example of materials
demonstrating a ferroelectric (FE) order induced

by the magnetic ordering of the ground stafe [3].
Neutron diffraction reveals that the system undergoes
a fransition at T, ~ 41 K, from a paramagnetic fo
an amplitudemodulated antiferromagnetic phase,
which is paraelectric. This is followed by the onsef
of an incommensurate spiral magnefic phase at

T ~ 28 K, which induces a sponfaneous FE
ordering with polarisation pointing along the caxis
(P) [4, 5]. The multiferroic ground state in bulk
TbMnO, was found to be uniquely modified by

the application of external pressure and magnetic
fields [6]. An alfernative way to induce a significant
modification of the ground state is the growth of
strained thin films. The strain state depends on the
substrate used and the growth orientation. Unlike
the case of externally applied pressure, the strain in
thin films is anisofropic and can play a prominent
role in tuning physical properties [/]. For our
studies of multiferroic properties in strainengineered
ToMnO, films, an 80 nmrhick (100)-oriented

and 44 nm-hick (010)oriented ToMnO, film

was grown on (100) and [O10}-oriented YAIO,

substrates by pulsed laser deposition [8].
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The structural properties of ToMnO, films and
corresponding growth-induced strain states were studied
by X-ray diffraction. The magnetic order was determined
by neutron diffraction with the single-crystal, fourcircle
diffractometer with three-axis energy analysis D10 at the
ILL, and the cold-neutron, three-axis spectrometer RITAI at
the Paul Scherrer Institute (PS), Switzerland. The largest
challenge was to identify and optimise the experimental
condifions in order fo be able to perform neutron
diffraction measurements on the very small scattering
volume (mass ~ 70 pg) of a thin film within a reasonable
time frame in the order of hours. The analyser option of
the D10 instrument at the high-flux neutron source at the ILL
helped to improve the signalto-noise ratio significantly. In
addition, the fourcircle Euler cradle setup provided access
to a larger fraction of the Ewald sphere and enabled

us fo measure an adequate set of magnetic reflections
with sufficiently large infensity. The nine-blade analyser
option and the high gresolution of the RITAI spectrometer
enabled us fo unambiguously identify the magnetic order.
There are very few experimental facilities available that
can accommodate such demanding measurements, and
these two instruments can definitely be considered the best
adapted for this purpose. The electric properties of the thin
films were determined by dielectric measurements and the
second-harmonic generation technique.

The films demonstrated a highly crysfalline orthorhombic
phase and epitaxial growth. The lattice parameters of
[100)-oriented films remained almost unchanged compared
with bulk ToMnO,,. This implies that the mismatch of the
in-plane lattice parameters between the film and the

[100}oriented substrate is minimal, allowing the film to relax

towards the bulklike phase. A more significant change of
the lattice parameters was found for (010) films deposited
on (010)-oriented substrates. The in-plane a- and caxis
lattice parameters experienced a compressive sfrain of
2.1 % and 0.4 %, respectively. The outofplane baxis
parameter became elongated due to a resulting tensile
strain of 1.7 %. On the basis of these results we denote
the investigated (010) film as strained and the (100 film
as relaxed.

Magnetic reflections (O g 1) revealed that the relaxed

film reproduced a bulklike spiral incommensurate
antiferromagnetic order of the ground state with @
magnetic modulation wave vector g ~ 0.285b* [r. |. u),
as shown in figure 1[3]. In contrast, the strained film
showed a drastic modification of the magnetic ground state
towards a commensurate Ftype order with g ~ 0.5b*[8].
This strongly suggests a strain-induced tuning of the
antiferromagnetic spin ordering af the Mn ion site. In
addition to these studies we attempted to identify the
orientation of the electric polarisation axis in the multiferroic
phase. In accordance with the structural and magnetic
studies, the polar ordering showed a switching from P || ¢
induced by the spiral order for the relaxed film to P || a
induced by the Etype order for the strained film. The other
inferesting feature found was a significant increase in the
onset temperature of the FE ordering T, ~ 41 K for the
strained film compared with bulk ToMnO, ot T, ~ 28 K
[4]. In addifion, FE loop measurements of the strained film
showed an enhancement of the sponfaneous polarisation
up fo Py ~ 2 pC/cm? compared with P. ~ 0.08 pC/cm?
observed in bulk ToMnO, [4].

We propose a simplistic description based on tuning of
a specific spin-exchange interaction between Mn spins

Figure 1

Magnetic reflections (0 g 1) measured at
different temperatures for

a) the relaxed film and

b) the strained film.

Schematic images of the antiferromagnetic
¢) spiral order in bulk and

d) Etype order in the strained film.

fo explain the observed modification of the muliiferroic
properties under strain. In the theoretical explanation

of multiferroicity in o-RMnO, by Mochizuki ef al. [9],

the ratio between the antiferromagnetic nextnearest
neighbour exchange interaction along the baxis (/) and
the ferromagnetic nearest neighbour exchange interaction
along the ab direction (Jy) is found to play the most
dominant role in defining the ground state. The interaction
Jp, between Mn spins is mediated by two staggered
oxygen 2p orbifals. For a given J value, it is proposed
that the magnetic ground state shows a transition from

a spiral phase at 0.5 meV < Jp < 1.2 meV to an Etype
order at J, > 2 meV. In the strained film, the increase

of the braxis results in an increased overlap of the
oxygen orbitals, giving rise fo an effective increase of the
Jirexchange interaction. This hypothetical scenario of a
strain-induced modification of the microscopic mechanism
explains the stabilisation of the Etype ground sfafe in our
ToMnO, thin films. Our studies also identify 'strain’ as an
effective tool for engineering the magnetic and ferroelectric
properties of multiferroic materials. Our results identify
neufron scatfering as a suitable experimental technique
for the study of magnetism in thin films despite their very
limited scattering volume.
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Ground state selection under
pressure in the quantum
pyrochlore magnet Yb,Ti, O,

High-intensity two-axis diffractometer with
variable resolution D20

New quantum states of matter offen
escape experimental observation. The
magnetic properties of the rare-earth
pyrochlore quantum magnet Yb,Ti, O,
have eluded global understanding, while
even the presence or absence of sfatic
magnetic order at low temperatures

is controversial. Our recent study
combined neutron diffraction and muon
spin relaxation measurements in order
fo show why: isolated atomic defects
([excess of Yb) create a local strain and
induce a phase fransition to a much
more conventional magnetic sfate.
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A new quantum sfafe of matter, dubbed ‘quantum spin
ice’, may well exist af temperatures below 2 K in the

rare-earth mineral YbQTIQO . In this state, the orientation

7
of the magnetic moments of the electrons is analogous

fo the configuration of hydrogen-oxygen chemical bonds
in the solid form of water, hence the reference to ice

[1]. By using specific atoms with anisofropic magnetic
properties, like the chemical element ytterbium (Yb), this
state can acquire fascinating quantum properties such

as the coherent superposition of states depicted by the
famous Schrédinger's cat, or new exotic quasi-particles of
electronic character [2].

The experimental observation of such a quantum state in @
large size material could revolutionise our ways of thinking
of the collective behaviour of electrons in matter and further

Figure 1

a) Neutron diffraction measurements performed under hydrostatic
pressure (P = 11 kbar) on YbyTinO5 on D20. The evolution

of diffraction patterns with temperature (after subtraction of the
nuclear scattering defermined at 800 mK) shows the appearance
of magnetic Bragg peaks for T < 400 mK, a characterisfic
feature of a particular ferromagnetic phase with a magnetic
moment of 0.33(5) pB at 100 mK.

b) Pressure—temperature (P-T) phase diagram established by

pSR measurements on YboTinO5. Emply black circles define the
phase transition line between a collective paramagnetic stafe
[PM, orange) and a ferromagnetic-like state (SFM, blue). The
green region at low temperatures highlights the existence of an
exofic non-magnetic phase (QSL), evidenced for P = 0.

Figure 2

Representation of the two, interpenetrating, corer-sharing tetrahedra lattices
of Yb3+ (blue, magnetic] and Tid+ [yellow, non-magnetic) forming the
pyrochlore structure. A few isolated afomic defects (Yb replacing Ti) could
be responsible for a local strain and could strongly modify the electronic
properties of the material. ©Edwin Kermarrec

help to consider the future physical properties of quantum
materials. Although Yb,Ti,O, has been the subject of
infense research since 2000, physicists have not reached
consensus on the nature of its magnetic state at very low
tfemperatures: is it the so-called quantum spin ice, or a
more ordinary ferromagnetic phase similar to the one that
exists in fridge magnets?

In our recent study, we show that a mysterious non-magnetic
state exists af very low femperatures and that it is very
sensitive fo external perturbations such as the application
of high pressure [3]. We used two spectroscopic
fechniques: muon spin relaxation (pSR) and neutron
diffraction. The neutron experiment was conducted on
the ILL's D20 instrument, while the pSR measurements
were carried out at the Paul Scherrer Institute. D20 is o
versatile, two-axis powder diffractometer with a variety
of applications, including thermodiffractometry,
magnetism, kinefics, multi-stroboscopy and physisorption.
The instrument is characterised by its extremely high
neutron flux, which allowed us to detect a very small
signo| inside a heovy, high-pressure (11 kbarl,
low-temperature {100 mK) sample environment.

The results obtained from neutron scattering indicate that
the magnetic state obtained under pressure is longrange
ordered, with a static magnetic moment of 0.33(5] p,,
as evidenced by the appearance of resolution-imited

magnetic Bragg peaks (figure 1a). Previous neutron
diffraction measurements have demonstrated, in real
materials with the chemical formula Yb,[Yb Ti, ),O,, the
presence of Yb afoms in excess localised on the fitanium
crystallographic site. The significant difference between the
ionic radius of Yb%* and Ti** creates a strong local strain,
in a similar way fo externally applied pressure (figure 2).
Further pSR measurements allowed us fo construct a
pressure—temperature phase diagram under applied
pressure (figure 1b). A non-magnetic phase is found to
lie close by an ordered, splayed ferromagnetic phase.

These new measurements will help scientists reach a
consensus on the nature of the magnetic state of Yb,Ti,O,
af very low temperatures. Defects at the atomic scale could
have a significant impact on the magnetic properties of
Yb,Ti,O, at the macroscopic level, explaining previous
findings that seemed controversial. The findings of the
neutron diffraction experiment, fogether with the pSR
measurements, provide the first step to better understanding
how quantum stafes can arise in real materials. These
findings also justify the need for close collaboration
between solid-states physicists and chemists in order to
conceive and understand the next generation of strongly
correlated electron materials.
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Field-induced magnetic
instability within a
superconducting condensate

Three-axis spectrometer INI2

Single-crystal diffractometer D23
Single-crystal four-circle diffractometer DIO
Three-axis spectrometer Rita-11 at PSI

Quantum phase fransitions arise from
inherent quantum effects in the zero-
tfemperature limit. They separafe phases
with different organisation principles and
may be tuned by external parameters
such as pressure, chemical substitution or
magnetic field. Here we provide evidence
of a novel quantum phase fransition

that separates two antiferromagnetic
phases with identical symmetry within

a superconducting condensate. This
suggests that the magnetic instability

is driven not by magnefic degrees of
freedom but by fluctuations related to

the superconducting condensate.
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Strong electronic fluctuations in the vicinity of quantum
phase transitions (QPTs| are thought to trigger
unconventional superconductivity. A prime candidate for
magnefically driven superconductivity is the heavy-fermion
compound CeColn, which is naturally located close to

a spindensity wave (SDW) quantum critical point. The
material condenses in an unconventional superconducting
ground state with a wellestablished d,, , symmetry at
low temperatures. The system also features a magnetic
field-induced QPT with emergent magnetic order inside
the superconducting condensate [ 1, 2]. The SDWW
propagates along Q = (g, g, 0.5) with g = 0.45 and
collapses in a firstorder fransition af the superconducting
upper critical field, providing evidence of a coupling
between superconductivity and magnetism in this

highield Q-phase.

The origin and microscopic interpretation of the Q-phase

is still under debate, and might be further clarified by

the application of an auxiliary tuning parameter. The
magneto-superconducting ground state is, however, both
highly sensitive upon doping and found fo be suppressed
af very small impurity concentrations. Recent studies on

Nd, ,sCe, osColn, reveal magnetic order below T, = 0.8 K
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line represents the superconducting upper crifical field and the red
dashed lines are the magnetic phase boundaries.

and zerofield inside its superconducting phase

[T. = 1.8 K) which shares the magnefic wave vecor of
the highfield Q-phase in the undoped compound [3].

In the present study, we investigated the nature of the
magnetic order in 5 % Nd-doped CeColn, as a function
of magnetic field and ifs relation to the Q-phase [4].

Neutron diffraction is a unique technique for studying
magnetic order under extreme conditions, such as very low
femperatures and high magnetic fields. Our results were
obtained from the lifting-counter two-axis diffractometer
D23, the single-crystal fourcircle diffractometer D10

and the cold-neutron three-axis spectrometer IN12 af the
ILL, Grenoble, France, and the cold-neutron triple-axis
spectrometer Rita-ll at the Swiss Spallation Neutron
Source SINQ, Paul Scherrer Insfitut, Villigen Switzerland.
Figure 1 shows the field-dependence of the magnetic
order along Q = (g, g, 0.5) for H||[1 -1 O] and at

T= 40 mK. We observe a magnetic Bragg peak that
first increases with increasing magnetic field strengths and
then vanishes around p,H* = 8 T. Above this magnetic
instability, magnetic order surprisingly reappears at a
similar wave vector and collapses around pH = 11 T.
This provides direct evidence of two distinct magnetic
phases in the material: a low-field SDVW-phase that is
stable for H < H*, and a high-field phase that is denoted
as Q-phase because it is closely related to the Q-phase

of CeColn..

The HTphase diagram of Nd, ,.Ce, ,,Coln, is displayed
in figure 2. Both magnetic phases are embedded
inside the main superconducting dwave condensate
and separated by a field-induced QPT. The Q-phase
collapses in a firstorder transition at the superconducting
upper crifical field, providing evidence of a cooperative
magneto-superconducting ground state af high magnetic

fields and low temperatures. Thus, we demonstrate that
the Q-phase is stable under 5 % of Nd substitution for
Ce in CeColn,.

Our neutron diffraction results, however, show that

the magnetic symmetry (propagation vector, direction

of the magnetic moment) is not affected at H*. This
demonstrates that the putative field-induced QPT

cannot be driven purely by magnetic fluctuations but is
affributed to another type of fluctuation. Since magnetic
order is directly coupled to the superconductivity in the
highfield Q-phase, we suggest that the superconducting
condensate is modified at H*.

In summary, we find a magnetic insiobihf\/ in
superconducting Nd, ,.Ce,, ,Coln, that separates
two antiferromagnetic phases with the same symmeiry.
While the low-field SDW-phase is suppressed at
poH* = 8T, the emergent highfield Qphase features
a direct coupling between superconductivity and
magnetism. We provide evidence for a novel QPT
that may be attributed to fluctuations related to the
superconducting properties and which yields a
cooperative magneto-superconducting ground state
in the Q-phase.
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Long-range order avoided in
a low-dimensional magnet
due to trapped domain walls

Diffuse scattering spectrometer D7
Three-axis spectrometer RITA-Il at PSI

Local defects of the spin configuration
in magnetic materials can be described
as magnetic defects or emergent
quasi-particles. Examples of such
quasi-particles are the magnetic
monopoles in spin-ice compounds [1].
Our study reveals that magnetic defects
in the frustrated magnet SiDy, O, play
a key role in preventing longrange
magnetic order. These results illustrate the
general importance of local magnetic
defects in frustrated magnets.

Figure 1

Magpnetic diffuse scattering in the (hOl) and Okl reciprocal planes at

T = 60 mK. The neutrons were polarised perpendicular fo the scattering
plane and measurements performed for non-spin-lip (NSF) and

spindlip (SF) scattering. These measurements were performed with

the D7 diffractometer at the Insfitut Lave-langevin.
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Frustrated magnets present an inferesfing playground for
investigating novel emergent properties. One profotypical
example is the emergence of magnetic monopoles in
spin-ice compounds [1]. These quasi-particles break the
socalled ice rules and can be understood as local defects
of the spin configuration. Magnetic monopoles play

a crucial role in the low-temperature description of spin
ices. By analogy, we have found that local defects in
the low-dimensional frustrated magnet SiDy, O, are
responsible for the absence of long-range order down

to milliKelvin temperatures. In this case, the defects
correspond to domain walls in frustrated zigzag chains.

The compound SiDy, O, is part of a large family of
rare-earth-based frustrated magnets that exhibit a variety
of properties, such as spin-liquid ground sfates and
magnetic phases with coexisting order parameters. In
SDy,O,, magnetic correlations remain one-dimensional
down to T= 60 mK. Experimentally, these correlations
along the zigzag chains form planes in reciprocal space
that can be probed by diffuse neutron scattering. In our
experimental set-up, these planes appear as lines near
halfintegers of the reciprocal lattice component Q, as
illustrated in figure 1. The neutron polarisation analysis of
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Temperature dependence of:

a) the incommensurate wave vector of the correlations, and

b) the correlation length along the chain. The dashed line corresponds
to the model described in the text. These measurements were performed
with the TASP and RITAlI three-axis spectrometers at PSI.

¢) Ground stafe of the zigzag chains expected at T = 0 K.

d, e) Representation of two types of domain wall, shown as green
arrows, separating the two different domains illustrated with blue and
red arrows.

the D7 diffractometer at the ILL allows us to both defermine
unambiguously the magnetic origin of this scattering, and
indicate the direction of the magnetic moments.

The results reveal the nature of shortrange magnetic
correlations. Specifically, the system converges af

low femperatures towards an antiferromagnetic order

on the zigzag chains illustrated in figure 2c. The
correlations are well described above T=0.5 K by a
onedimensional Ising model with nearest and nextnearest
neighbour interactions [2], as shown in figures 2a, b.
The model also predicts that the domain walls in the
chains can propagate freely but that they decay very
slowly [3]. There are two types of domain wall, which
are illustrated by the green arrows in figures 2d, e.
These domain walls appear as antiferromagnetic and
ferromagnetic defects in figures 2d and 2e, respectively.
The slow dynamics of the defects are confirmed by AC
susceptibility measurements that indicate an average

c)
Jo

d)

relaxation time of almost one second at T= 0.6 K. The
presence of a large density of domain walls is therefore
expected within experimental time scales.

Like magnetic monopoles in spin ice, the domain

walls in SDy,O, play a fundamental role at very low
temperatures. In SDy,O,, the magnetic defects become
confined below T= 0.5 K due to a dimensionality
crossover. The inferchain interactions are responsible

for this confinement, which prevents propagation

of the defects and inhibits their decay mechanisms.
Consequently, the formation of three-dimensional
longrange order in this frustrated magnet is avoided [4].
The sysfem instead reaches a metastable state with frapped
domain walls. The local defects of the spin configuration
emerge as an essential ingredient of the low temperature
physics in the compound SiDy,O,, highlighting the

fact that macroscopic properties can be dominated by
localised effects in a variety of frustrated systems.
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Higgs mode and its decay
in a two-dimensional
antiferromagnet

Three-axis spectrometer IN20

Neutron scatfering experiments have
revealed an excitation branch in a
two-dimensional antiferromagnet

that is analogous to the Higgs

mode in particle physics. Theorefical
predictions for the dispersion and
decay of the mode in two dimensions
can thus be systematically tested.

Figure 1

Mexican hat potential for a two-dimensional magnet. S is the spin,
E is energy.

32 INSTITUT LAUELANGEVIN e ANNUAL REPORT 2017

AUTHORS

A. Jain, M. Krautloher, J. Porras, G.H. Ryu, D.P. Chen, J.
Chaloupka, G. Khaliullin, B.J. Kim and B. Keimer (Max Planck
Institute for Solid State Research, Stuttgart, Germany)

A. Ivanov (ILL)

D.L. Abernathy (Ock Ridge National Laboratory, US)

JT. Park (Technical University of Munich, Germany)

ARTICLE FROM

Nat. Phys. 13 (2017) - doi:10.1038/nphys4077

REFERENCES

[11 R Matsunaga et al., Phys. Rev. lett. 111 (2013) 057002

[2] A. Jain, M. Krautloher, J. Porras, G.H. Ryu, D.P. Chen,
D.L. Abernathy, J.T. Park, A. Ivanov, J. Chaloupka, G. Khaliullin,
B. Keimer and BJ. Kim, Nat. Phys. 13 (2017) 633

[3] G. Khaliullin, Phys. Rev. lett. 111 (2013) 197201

[4] S-M. Souliou, J. Chaloupka, G. Khaliullin, G. Ryu, A. Jain,
B.J. Kim, M. le Tacon and B. Keimer, Phys. Rev. lett. 119
(2017) 067201

The ‘Mexican hat' potential with a circle of degenerate
minima (red line in figure 1) epitomises the concept of
sponfaneous symmetry breaking in many areas of physics.
When a system seffles info a specific sfate along the circle,
its ground becomes less symmetric than the Hamilionian
that describes it. The system then supports two types of
oscillation: zero-energy oscillations along the brim of the
'hat’, and oscillations perpendicular fo it whose excitation
requires energy (blue arrows in figure 1). In particle
physics, the Mexican hat has achieved fame as a two-
dimensional cartoon of the Higgs potential, where the
oscillation modes correspond to massless and massive
elementary particles, respectively. Theorists would love to
see how our world would look if they changed this potential,
but this is impossible—the Higgs potential is a basic and
immutable property of nature. It turns out, however, that
Mexican hat potentials also appear in solid-state and
cold-afom physics, where their parameters can be adjusted
so that theoretical predictions can be tested systematically.
One such example —the electromagnetic potential in a
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superconductor, which supports phase and amplitude
oscillations of the Cooperpair condensate—actually
predates the Higgs model in particle physics. However,
the "Higgs’ amplitude mode of the superconducting
condensate is difficult o observe and has been detected
only recently in optical pump-probe experiments [1].

Inelastic neutron scattering experiments [2] have now

led 1o the discovery of a stable Higgs amplitude mode

in an antiferromagnet, where it can be systematically
fested over a wide range of energy and momentum. In

an omﬂferromognei, the Mexican hat potenﬂo\ is created
by the effective magnetic field acting on a given electron
spin by the surrounding spins. In the long-wavelength limit,
it takes litlle energy to create a fransverse spin wave [or
magnon) that changes the direction of the spins (lower
inset in figure 2). Magnons thus correspond fo ‘massless’
phase oscillations, where the tip of the spin moves along
the brim of the Mexican hat (figure 1). "Higgs’ modes,
on the other hand, involve modulations of the length of the
spins (upper inset in figure 2), perpendicular fo the brim.

In ordinary antiferromagnets, such excitations are ‘massive’;
that is, they are found at high energies where they decay
rapidly info transverse magnons. The recent experiments
were motivated by theorefical work that predicted stable
amplitude modes for magnets close to a quantum phase
transition between an antiferromagnetically ordered state
and a singlet sfate with no magnetic moment [3]. Such

a singlet state can emerge in magnets where the orbital
magnetic moment of the unpaired elecfrons cancels the
magnetic moment arising from their spins. In the layered
antiferromagnet Ca,RuO,, the magnetic moments reside on
Ru**ions with valence electrons in the 4d shell. The strong
spin-orbit coupling of these ions stabilises a subsfantial
orbital moment antiparallel fo the spin moment. The
ordered moment in the antiferromagnetic state is therefore
substantially lower than the spin-only moment. This situation
is quite favourable for observing a ‘soft’ mode modulating
the moment amplitude.

The growth of single crystals of a volume sufficient for
inelastic magnetic neutron scattering experiments was
challenging because Ca,RuO, undergoes a metalinsulator
fransition associated with a large volume change just
above room femperature. After developing a cooling
profocol fo avoid cracking of the crystals at this transition,
about 100 sizeable specimens could be grown and
co-aligned for the experiments. Figure 2 shows a
representation of the resulting spectrum. Three magnetic
excitation branches can be seen. The two branches
marked T and T' are transverse magnon branches that
involve oscillations of the moment direction; two such
branches are present because the magnetic unit cell
contains two Ru ions. The main branch, T, emanates from
the antiferromagnetic ordering vector [marked (r1,m) in
figure 2) but its dispersion is quite different from that of
a magnon in an ordinary Heisenberg antiferromagnet,
which would turn around in the middle of the Brillouin
zone and exhibit a minimum at (0,0). Instead, it exhibits
a maximum at (0,0) which (along with the large magnon
gap) is a signature of the large spin-orbit coupling that
brings Ca,RuO, close to a quantum phase fransition info a
singlet state.

The upper branch marked L is the Higgs amplitude mode,
which turned out to be stable and well defined over much
of the Brillouin zone. Only af the magnetic ordering vecfor
does it decay into fransverse magnons at a rate that can
be calculated based on the magnetic Hamiltonian that
also describes the magnon dispersions. The neutron data
are in excellent agreement with the predictions. Based

on the same calculations, evidence of the Higgs mode
was also found lafer on in Raman scattering experiments
[4]. These experiments thus establish a new platform for
sysfematic research on the Higgs mode in two dimensions.
Future experiments will address the dispersion and decay
of amplitude modes in other magnets in which 4d valence
electrons are arranged in different lattice geometries.

www.ill.eu

33



Evidence for a spinon Fermi
surface in a triangular-lattice
quantum-spin-liquid candidate

Three-axis low-energy spectrometer

ThALES

A quantum spin liquid (QSL) shows no
static order in the zerotemperature limit
but presents highly enfangled spins.

In spite of decades of efforts, its
experimental realisation remains a key
challenge. In measurements of the
triangular lattice YoMgGaO, we
observed broad spin excitations
covering a wide region of the Brillouin
zone, with a clear upper excitation
edge. Our results point to the existence
of a QSL state with a two-dimensional
spinon Fermi surface in the friangular

antiferromagnet YbMgGaO,.
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In a QSL, magnetic ordering is prevented by strong
frustration, leading to a highly degenerated ground

state. It goes beyond the traditional landau paradigm

for conventional symmetry breaking phases and is offen
characterised by an emergent gauge structure and
excifations with fractionalised quantum numbers. The
latter can be measured by inelastic neutron scattering,
which shows continuous spectra and contains information
on topological symmetry. However, the identification

of fractional excitations is usually constrained by

various practical issues, including the lack of promising
candidate materials. In the newly found QSL candidate,
YbMgGaQ,, no static order is observed to the lowest
measuring temperature, 0.03 K, far below ifs
CurieWeiss temperature, ~ -4 K [2]. Furthermore, the
successful synthesis of sizeable single crystals makes it
possible for use in inelastic neutron scattering experiments.

Figure 1

Consfantenergy images at the indicated energies and T= 70 mK.
The scattering intensity in (c), (d) and (e) has been multiplied by
2, 4 and 8, respectively, for clarity. The dashed lines indicate the
Brillouin zone boundaries.

e)

(-K, K, 0) (r.l.u.)

(H, H, 0) (r.l.u.) (H, H, 0) (r.L.u.)
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a) Energy dependence of the magnetic excitations along the high
symmetry momentum directions illustrated by the black lines in (b).
Vertical dashed lines represent the high-symmetry points and dotted
lines indicate the upper bounds.

b) Skeich of reciprocal space.

In the present experiment we used the three-axis low-
energy spectrometer ThALES af the ILL fo study the spin
excitations in single-crystalline YoMgGaO, samples.
Figure 1 shows the consfantenergy images measured
with the FlaiCone detector. Broad signals are revealed
covering a large region of the Brillouin zone for all
measured energies. The scattering spectra are mainly
spread along the zone boundaries, leaving signals
near the zone centre [T" points) strongly suppressed. The
infensity near M points is slightly enhanced at low energy
(< 0.3 meV), while at higher energy the scattering is
markedly isofropic around the boundaries.

The complete spectral distribution in energy-momentum
[E-Q) space is presented in figure 2. The spectral
infensity is rather broad in both the momentum and
energy dimensions. As energy is increased, the spectral
intensity is weakened gradually and vanishes above
approximately 1.5 meV. No indication of spin gap can
be probed within the instrument resolution [0.05 meV).
Moreover, a V-shaped upper bound is revealed near the
T points (dotted lines in figure 2|, resulting in dispersive
continuous excitations.
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Unambiguously, such broad spectra are different from
what we expect for magnon excitations, in which signals
strongly peak at specific moments in reciprocal space
leading to sharp spin-wave dispersion. Instead, the broad
feature results from the spin fractionalisation in quantum
materials. In the neutron scattering measurements, a spin-1
process neufron-spin-lip event creates a pair of deconfined
spinons, each carrying halfinteger spins and propagating
separately. As a consequence, an excitation continuum
structured in momentum space, very similar to the diffusive
signals observed experimentally in figures 1and 2,
can be predicted. More specifically, the dispersive
continuum with V-shaped upper bounds observed here
can be explained by the particle-hole excitation created
out of a spinon Fermi surface. These results indicate that
YbMgGaO, is a QSL with a twodimensional spinon
Fermi surface.
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Spiral spin-liquid and
the emergence of a
vortex-like state in MnSc.S,

Three-axis spectrometer IN22

The spiral spiniquid, a disordered and
fluctuating liquid of local spin spirals,
was predicted to exist in spinels with
a magnetic Asite but has never been
observed. Using various single-crystal
neutron diffraction techniques, we
showed that MnSc,S, supports a
spiral spindiquid that gives way fo an
unexpected series of ordered phases,
which in turn can be driven into a
vortexlike state by a magnetic field.
MnSc,S, is revealed as an excellent
model material for the study of spiral
spiniquid and related questions.

Figure 1

Magnetic Bragg scattering in the helical (HL, @), incommensurate
(IC, b) and sinusoidally modulated collinear (CL, €} phases of
MnScySy. Although the HL and CL phases have very similar Bragg
scattering, a clear sign that they have different structures is the
evolution of the P, element of the polarisation matrix, measured
by spherical neutron polarimetry, on heating/cooling through the
incommensurate phase (d).
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Frustration is the inability of a system to satisfy all

its interactions, which leads to degeneracies. In the
absence of any perturbation, simple frustrated models
present complications in the confext of the third law of
thermodynamics and are of interest for studying new
emergent phenomena in many-body physics; since strong
frustration tends fo suppress conventional behaviour (such
as longrange ordering), it is also useful as a design
principle for new materials with novel properties. In spin
systems, frustration can be imposed by geometry (e.g.
antiferromagnetic interactions on triangular units), or

by competition, as in the case of the J,J, model on the
diamond laffice.

A spiral spiniquid was predicted to occur in the /4,
model on the diamond lattice when |J,//,] > 0.125 [1].
This model is relevant to spinels of general type AB,O,
where only the Assite is magnetic, as in MnSc,S,. Although
there are plenty of these materials, no previous candidate
has shown the signature of the spiral spindiquid—a
squared-ring of diffuse scattering, indicative of magnetic
fluctuations at many possible incommensurate wave
vectors. Using the first high-quality single crystals, we

0 - : .
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Figure 2

Schematic illustration of the different structures of helical and
amplitude-modulated collinear phases.

found an exact example of this spiral surface in MnSc, S,
at 2.9 K[2]. In theory, thermal fluctuations select certain
wave vectors from the surface and the spiral spiniquid
undergoes an orderby-disorder transition.

On cooling, MnSc,S, undergoes an ordering fransition
at T~ 2.3 Kwith g=1(0.75, 0.75, 0), which is a
wave vector on the spiral surface, but an incommensurate
phase (g = (0.75+/:0.02, 0.75-/+0.02, O) appears
for 1.64 > T > 1.46 K followed by another transition fo
a structure that also has g = (0.75, 0.75, O) (figures
1 a-c). The two commensurate phases are different,

as is unambiguously shown by our spherical neutron
polarimetry experiments, partly performed af IN22

with CRYOPAD. The temperature dependence of the

P element of the polarisation matrix measured at
0.75, 0.75,0) shows a continuous evolution from

0.8 10-0.1 as the sample is cooled through the
incommensurate phase (IC) (figure 1d). Magnetic
structure refinements show that the higher temperature
collinear phase is a sinusoidally modulated collinear
structure (CL), while the low temperature phase has a
helical structure (HL) (figure 2).

The primary parameters of the J,, model are set by
observations of the spiral surface [its size and femperature
dependencel, but this sequence of ordered phases
suggests that the order-by-disorder transition of the ideal
model is replaced by a conventional ordering fransition
controlled by perturbations, and the observed structures
suggest what these perturbations may be. The third
neighbour interaction J, will select a g position for spiral

Helical

Collinear

order but does not defermine whether the structure is
cycloidal or helical. Dipolar interactions are predicted
to favour a helical structure, and their anisotropy can
also help to stabilise the collinear phase. Although these
perturbations defermine the ordering behaviour, they are
small, meaning that the spiral spindiquid of MnSc,S, is
rather ideal.

Both zerofield phases are single-q structures, but on
cooling in an applied field a triple-g state is formed, also
based on the vector (0.75,0.75,0). The three gveciors
of a single triple-q domain are coplanar and sum to zero,
and so four domains are possible; but when the field is
applied along [111], their degeneracy is broken and a
single domain structure is formed. The condition that the
gvectors sum fo zero has an analogue in the construction
of a skyrmion lattice, but here the basis vectors are real
and a vortex lattice is obtained insfead.

MnSc,S, has the most frustrated ratio of |J,/J,] of any
known spinel, which means that it realises an ideal
spiral spin-liquid. However, a wealth of complex
ordering phenomena in the zero and applied fields
also appear below the spiral spiniquid. Although

it appears that the orderby-disorder fransition is
suppressed, MnSc,S, represents an excellent model
sysfem for studying perturbations of this effect, as well
as the spiral spiniquid ifself.
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Portraying entanglement
between molecular qubits
with four-dimensional
inelastic neutron scattering

Time-of-flight spectrometer IN5

Molecular nanomagnets are organometallic
compounds that consist of a metallic core
surrounded by organic ligands, which act
fo create magnetically isolated units [ 1].
While these compounds are interesting for
festing fundamental concepts in quantum
mechanics, they are also promising
candidates for various technological
applications, one of the most exciting of
which is quantum information processing
[2]. The detection and quantification of
entanglement are crucial steps in quantum
information science, and weakly-coupled
molecular nanomagnets provide ideal
testbeds for investigating enfanglement
between complex spin systems [3].

Figure 1

a) Molecular structure of the (CrNi)y
supramolecular dimer magenta,

Cr; green, Ni; yellow, F; red, O;
light blue, N; grey, C; C(CH3)3
groups and all H afoms omitted).

The coupling between the rings is
mediated by pyrazine, directly linking
the two Ni ions. b) lowestenergy
levels of the molecular dimer as a
function of the opphed magnetic

field B. The arrows indicate the two
transitions defected by infield INS.
¢) Measured INS spectrum (black
points) and calculations (red line)

for a collection of (Cr/Ni, crystals
atT=12KandB=25T

applied along the y-vertical axis,

with an incident neutron wavelength
A =7.5 A and integrated over the
full range of measured Q [4].
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To date, entanglement in molecular nanomagnets has

only been experimentally demonstrated rather indirectly

by macroscopic techniques or by fitting trial model
Hamiltonians to experimental dafa. In this study we show
that by exploiting the position-sensitive defectors of the IN5
spectrometer, fourdimensional inelasfic neutron scattering
enables us to portray enfanglement in weakly-coupled
molecular qubits and to quantify it [4]. We have used a
prototype (CrNi), supramolecular dimer as a benchmark
to demonstrate the potential of this approach. Indeed, the
neufron cross-section directly reflects dynamical correlations
between individual atomic spins in the molecule, and
distinguishes between infra-ring correlations associated
with the composite nature of the molecular qubits and
inferring spin-spin correlations which are a signature of
enfanglement between qubits.

Figure 2

Constantenergy plots of the neutron scattering intensity [4]. @, b) The calculated dependency of the neutron
scattering intensity of the two inelastic excitations on the two horizontal wavevector components Q~Q,,
integrated over the full experimental Q,,. The crosssection has been integrated over energy ranges centred
around the observed transition energies. ¢, d) The corresponding experimental measurements, carried out with a
7.5 A incident neutron wavelength, a sample temperature of 1.2 K and a magnetic field B = 2.5 T. The colour
bar depicts the fransition intensity normalised for the maximum in each panel.

The dimer (figure Ta) consists of two Cr Ni
antiferromagnetic rings. Strong exchange couplings
between the eight spins within each ring lock them

info a correlated S = 1/2 ground sfafe, and a

weaker antiferromagnetic inferring interaction leads to
enfanglement between the two molecular S = 1/2. The
lowestenergy levels of the (Cr,Ni), dimer as a function of
the applied magnetic field are presented in figure 1b.
We performed our neutron scattering experiment on IN5
under an applied magnetic field, in order to place the
system info a factorised ground state of the two rings
(figure 1b). In this way, we are able to unambiguously
affribute the observed dynamical interring correlations fo
entanglement in the excited sfafes. At 1.2 K and with an
applied magnetic field of 2.5 T, we detected two inelastic
peaks at 0.24 and 0.28 meV (figure 1¢), corresponding
to excitations from the factorised ground state towards two
excited Bell states (red arrows in figure 1b). Exploiting the
position-sensitive detectors of IN5, we also measured the
fourdimensional scattering function SIQ,E), yielding direct
information on the dynamical spin-spin correlation functions.
If the excited state involved in the transition is entong|ed, the
dynamical correlations are non-zero also for pairs of spins
belonging fo different rings. The spatial structure of these
large-distance correlations produces shortQ modulations in
SIQ,E), whose pattern is a ‘portrayal’ of the entanglement

between the molecular qubits (see calculations in figures
24, b). Figures 2¢, d show the measured Q-dependence
of the infensity of the two observed transitions, where
shortQ modulations of the intensity are evident and clearly
demonstrate the occurrence of enfanglement.

We also developed a method to quantify entanglement,
by extracting the concurrence of the two excited states
from the data in figure 2 [4]. Concurrence is one of the
most commonly used measures of entanglement between a
pair of qubits, ranging from O for factorised states to 1 for
maximally entangled ones. The comparison between the
data and our caleulations clearly shows that concurrence is
1 for both excited states of the dimer, which are therefore
maximally entangled states (for more details see [4]).

In conclusion, by using the (Cr,Ni), supramolecular dimer
as a benchmark, we have shown that the richness of
fourdimensional inelastic neufron scattering data enables
us fo portray enfanglement in weakly-coupled molecular
qubits and to quantify it. Our approach can also be
applied fo dimers of more complex molecular qubits, thus
opening up remarkable perspectives in our understanding
of entanglement in complex spin systems.

www.ill.eu

39



Polymer membranes for
water desalination: neutron
reflectivity elucidates links
between nanostructure

and performance

Reflectometer DI7

The scarcity of ‘fresh” water, amounting to
less than 1 % of the Earth’s water, is one of
the most pressing current societal challenges
and is expected to increase in the foreseeable
future in response fo growing demand for
human consumption, agriculture and industry.
This challenge has ramifications that are far
reaching, threafening nutrition and health but
also geopolitical stability, and therefore
constitutes an existential threat to future
generations. Safe drinking water has a
salinity level below approximately 150 ppm,
while higher levels (1 000-3 000 ppm) are
considered acceptable for irrigation. By
contrast, brackish water has a level of salinity
ranging between 3 000-10 000 ppm,
whilst sea water is typically 30 000 ppm,
depending on the source. Fresh water needs
are increasingly being met by industrial
membrane processes, including reverse
osmosis [RO), over traditional thermal and
vacuum distillation technologies. In recent
years, however, RO has emerged as the
leading membrane technology for new
desalination plants for both brackish and sea
water. Neutron reflectivity experiments have
enabled us to correlate physical properties of
membranes with their performance, in terms
of salt rejection and permeability.
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Significant challenges in RO membrane technology
remain notf only to reduce energy consumption during
operation and achieve higher efficiency, but also to
reduce performance losses during operation. In simple
terms, the performance of a desalination membrane is
measured by its salf rejection, the percentage of salt
removed from the feedwater stream; and by its water
permeability, the volume of water that passes through

a membrane per unit ime, unit area and unit pressure.
Polymer scientists and membrane technologists seek to
maximise both selectivity and permeability, and minimise
loss of performance with time (ageing) and operational
costs arising from the applied pressure (and temperature)
to drive separation. Selectivity is generally inversely
proportional to permeability, and despite considerable
research in RO membrane structure and transport our
fundamental understanding and thus ability to engineer
high performance membranes remain limited and progress
largely empirical.

RO membranes comprise a "tight' separating polymeric
layer, called the active layer, on a more ‘open’ support
layer, offen phase-inverted polysulfone, which is in turn
mounted on a woven fabric backing, generally polyester,
that imparts mechanical infegrity. The fop separating
layer is usually synthesised by interfacial polymerisation
[IP) at the organic/aqueous inferface between an
aromatic diamine [m-phenylenediamine, MPD) and
trimesoy! chloride (TMC]. IP is a polycondensation
process between two multifunctional monomers dissolved
in immiscible solvents, generally water and an organic
phase, taking place af the interface between the two
solvents. Formally, the organic-soluble component

lacid chloride] is insoluble into the polymer, whereas

the watersoluble component (diamine| diffuses through
the film to react with the acid chloride at the film/
organic phase inferface, where the film grows. The
resulting cross-inked polyamide (PA) film is extremely thin,
approximately 10 nm, but is sponfaneously crumpled
and folded such that the overall membrane surface is
rough and has a large surface area. This roughness has
so far prevented the use of neutron [and Xray) reflectivity
approaches fo resolve the membrane nanostructure at
molecular resolution. Structural characterisation has
instead relied on electron microscopy techniques that
operate under vacuum (in the absence of water), as well
as spectroscopic measurements and simulation.

Figure 1

a) Schematic of the interfacial polymerisation (IP) reaction

between TMC and MPD at the organic/water interface.

b) Scanning electron microscopy (SEM) image of smooth nanofilm
from TMC/MPD with ~ 10 nm thickness.

) SEM image of a representative crumpled nanofilm from TMC,/MPD.
d) Neutron for dry TMC/MPD 0.005/0.1 wt % films obtained

at reaction times 1, 10 and 20 min.

e) Corresponding SID profile, where z is the distance normal

to the film surface.

In this paper, we demonstrate the first neutron reflectivity
study of polyamide RO membranes. By carefully

tuning the reaction stoichiomefry and fime, p|onor PA
membranes of a thickness of approximately 10 nm were
successfully fabricated, exhibiting separation performances
comparable with the crumpled counterparts extensively
employed commercially. Moreover, we are able fo
controllably hydrate the membrane, and thus resolve ifs
structure under in operando conditions.

Our neutron experiments are thus able to elucidate
the nanoscale structure of single PA films, resolve the
crosssectional composition profile resulting from IP of
TMC and MPD and the membrane response to water
and, critically, correlate these physical properties
with membrane performance. We find that PA film
thickness increases linearly with reaction time, with a
non-zero infercept inferpreted as the onset of coherent

f) Film thickness h dependence on the reaction time.

g) Variation of h with MPD concentration after 10 min reaction
time, with TMC 0.005 (blue, green) and 0.05 (red) wt %.

h) Variation of h with TMC concentration, with MPD O.

1wt % (blue, red).

i-i) NR of a representative TMC,/MPDY membrane with
0.005/0.1 wt % and reaction time 1 min (corresponding fo
the first membrane in panel d), and the SLD profile, shown

to be uniform across membrane thickness.

film formation upon cluster aggregation. The cross-
sectional profile is found to be uniform for the condifions
investigated, which is a somewhat unexpected
interfacial reaction, and water vapour hydrafion results
in considerable swelling (up to 20 %). Importantly, film
thickness appears o be predominantly set by MPD
concentration, while TMC regulates water uptake and

a favourable correlation between higher swelling and
water uptake with permeance is found. Our data provide
unique quantitative insight into the film nanostructure and
performance, opening up pathways for the molecular
engineering of polyamide membranes for desalination.
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Gas confinement in
compartmentalised
coordination polymers for
highly selective sorption

INI-LAGRANGE and
time-of-flight spectrometer IN5

Metalorganic frameworks (MOFs) are
hybrid, crystalline, porous materials
composed of organic linkers and metallic
nodes. Their exceptionally large porosity,
flexible and dynamic networks and tuneable
nature make them excellent candidates for
multiple applications such as sorption and
the storage of gases, catalysis, energy
conversion and drug delivery [1]. In
particular, MOFs with reduced pores have
shown superior selectivity in gas separation,
an improvement that is illustrated in this
study using compartmentalised coordination
polymers (CCPs). A combination of inelastic-
and quasi-elastic neutron scattering,
crystallographic and sorption studies, and
magnetic measurements provides a complete
understanding of the sorption process.

Figure 1

a) Partial crystal sfructure of the comparimentalised
coordination polymers CCP-1 and CCP-2 emphasising
the internal cavities (as yellow spheres).

b) Gas adsorption isotherms at 298 K.

¢) Crystal sfructure of CCP-1,/CCP-2 loaded with CO5.
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One of the major challenges in our current society is climate
change experienced through global warming as a result

of human acfivity. In this scenario the efficient removal of
greenhouse gases is required, and research has shown that this
necessarily entails the capturing and further separation of those
gases. Yet, the separation of gas mixtures with high selectivity
is a challenging fask that often requires an understanding of
the specific inferactions between the porous framework and the
gases. In this context, MOFs with reduced pores have shown

excellent separation performance with especially high selectivity.

For this purpose, herein [2] we propose the use of two

isostructural, compartmentalised coordination polymers

with confined cavities, CCP-1 and CCP-2, with general
formula [Felbtzx),](X), [btzx = bistetrazole-pxylene and

X = ClO,-, BF,), as shown in figure la.

These solids present ordered pockets (each with a volume
of 132 A?). Despite the lack of permanent channels, they
can effectively frop o wide range of gas molecules in
nanometersized infernal cavities due to the flexible and
dynomic nature of the framework, as shown in figures b
and Te. More importantly, they are capable of capturing
gas molecules from mixtures of gases in a highly selective

manner, as unequivocally demonstrated by experimental
breakthrough studies.

Neutrons are an excellent tool for investigating the process
of adsorption in these MOF materials. Inelastic neutron
scattering (INS) and quasielastic neutron scattering (QENS),
together with complementary molecular dynamics (MD)
simulations (ab initio and classical), provided a sensitive
means of defermining the mechanism of entrance for CO,
molecules info the framework and revealing the actual
location and binding of the gas molecules in the cavities.
The inferaction between the adsorbed CO, molecules and
the framework was studied by means of INS and ab initio
MD simulations. Both results are in agreement and show
minor changes in the peak infensities between the bare
and loaded system, revealing a weak CO,_~framework
interaction (figure 2a); more inferestingly, the neutron
vibrational spectrum of adsorbed CO, has been defected
for the first time in a MOF material (figure 2b).

The gas diffusion mechanism was revealed through a
combination of QENS and MD simulations (figure 3).
QENS is highly sensitive to the movement of hydrogen

Figure 2

a) Comparison of the experimental
INS spectra (top) and hydrogen
partial density of states, gylu,
obtained from ab initio molecular
dynamics simulations (AIMD)
(bottom) for bare CCP-1 (black]
and CCP-1 loaded with COy (red).
b) Difference p|or for experimemo|

INS spectra CCP-1 loaded with CO
and bare CCP-1 (purple), and that of

solid CO; (orange).

Figure 3
a) QENS spectra for bare and

COgyloaded CCP-1 at 300 K (top)

and in situ measurement during CO

loading (bottom).

b) Energetic diffusion scheme.

c) Interpheny! distance showing the
gate-opening mechanism in CCP-1

during the 600 ps molecular dynamics

calculation where the intercavity

transition of a CO» molecule can be

observed.

afoms, and we used this technique to probe the dynamics of
the framework upon CO, sorption. Thus, CO, diffusion info
the infernal cavities can be explained by a gate-opening
mechanism of the phen\/| rngs, which affords a minor
decrease in intensity in some Bragg peaks and no
significant change in the QENIS spectra affer gas sorption
(figure 3a). This minor change is probably due to the
fast movement of the phenyl rings allowing the entrance

of CO, molecules, with only some phenyl rings rotating at
any specific moment and the vast majority remaining static
as confirmed by MD simulations (figure 3c¢).

Fino”y, these pockef—hke crysfo”ine solids exhibit magnetic
bi-stability, a spin-state switching that has been shown to
be affected by the enfrapment of different gases such as
CO,, CH,, ethane or ethylene molecules. This inrinsic
sensing behaviour has also served to elucidate the strength
of the gasframework interaction in these solids.

In summary, this multitechnique, detailed analysis has
provided a clear assessment of the gas sorption process
in these compartmentalised crystalline solids, which have
been revealed to be excellent for selective sorpfion.
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Making cars light and safe

Strain analyser for engineering applications

SALSA

Materials are the basis of any
technological product and defermine its
performance, lifefime and ecological
impact to a large extent. Ductility,
hardness, weight, formability and
femperature-behaviour are parameters
for selecting the optimum material

for a specific application. let us fake
the example of a car. The passenger
cabin is reinforced using very hard
and stiff material in order fo protect its
passengers. In confrast, the crumple
zone is made of ductile steel in order
fo absorb and spread the energy of
an impact by deformation and reduce
the acceleration of the passengers.

Figure 1

Robotic spot welding in car manufacturing: thousands of spot welds are made
when assembling the various steel parts of a car body. Image taken from
hitp:/ / weldingsource.org/new-study-inds-limits-sporwelding-boron-steel /
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Joining together all these different materials is no trivial task.
Not only is not every material compatible with every joining
method, but also the thermal impact involved changes the
microstructure of the materials. As a result, the properties of
the—initially so carefully failored —materials change, making
the joint the weakest part of the whole structure. Therefore, the
opfimisation of joining techniques and the characterisation of
joints play an essential role in making mechanical structures
functional and safe. This requires a combination of analysis
tools. Neutron sfress determination plays an important role
here, since it is a non-destructive technique providing stress
profiles from the bulk of the material to ifs surfoce.

Returning fo car manufacturing, press-hardened boron steel

is classed as an ultra-high-strength steel. It is used in the
automotive industry in structural and anti-infrusion components
such as B-pillars, bumper reinforcements, roofs and side rails
[1-3]. The main attraction of using boron steel is the weight
reduction achieved through gauge reduction, and the greater
passenger safely it provides.

Figure 2

Experimental setup for stress defermination on SALSA. Two radial, focusing
collimators provide the focused 0.6 mm-wide beam for the samples.

Figure 3

Comparison between hardness and residual stress. Tensile stresses
that weaken the material correlate well with the hardness profile.
The picture below shows the cross-section of the weld and the two
metal sheets. Stresses and hardness have been defermined in one
of the sheets.

Boron steel microstructure is chiefly composed of a very
hard form of steel crystalline structure known as martensite.
However, martensite easily decomposes to lower strength
microstructures when the sfeel is exposed to beyond

a certain temperature. This fempering effect becomes
problematic when boron steel is welded.

A major joining method in the automotive industry is
resistance spot welding, with several thousand welds
being made on a single car. During resistance spot
welding a high electric current is sent through the parts
for a very short time. The mefals melt instantaneously
at the inferface and cool down rapidly as a result of
cooled welding grips and the surrounding base metal.
A decreasing temperature gradient extends outwards
from the weld centre [nugget), resulting in altered
microstructures known as the heataffected zone (HAZ).
For boron steel welds in particular there is a steep
gradient of material properties in the HAZ which, it has
been established, is due to the tempering of martensite
[4, 5]. This results in a soft area surrounded by a hard
nugget and base material.

The difference in material properties between the HAZ
and nugget/base material may enhance the sress
concentration [6]. Therefore, it is crucial fo characterise
the gradients of material properties that occur through a
spot weld. This has been done in a collaboration between
the Warwick Manufacturing Group WMG of Warwick
University and the SALSA team at the ILL[7].

Sheets of press-hardened boron steel and dualphase

steel were resistive spotwelded using standard industrial
processes. The sheefs were 1.5 mm thick and two different
welds were compared.

Figure 4

Hardness profile and width of diffraction peaks. The drop in peak
width clearly indicates the presence of the softer, ferritic phase in the
HAZ, which correlates with a drop in hardness.

A specific task of the project was to identify the correlation
between hardness and residual sfress. In order fo access the
weld nugget, samples had to be sliced for micro-hardness
fesfing. Since cutting relaxes sfresses, stress determination
was performed beforehand. This is where our sfress
diffractometer SALSA comes into play: the neutron
fechnique is non-destructive and provides maps of the full
stress tensor with millimetre resolution. The 0.6 mm-wide
beam on SALSA provides the required resolution for
measurements in only 1.5 mm-thick steel shees.

Figure 3 shows the sfress profile of the boron steel sheet
across the weld in comparison with the hardness profile.
The photograph shows the weld region on the same
scale. Stresses become fensile towards the nugget, with

a maximum in the HAZ (4—5 mm from the weld centre),
where the hardness shows a pronounced minimum. This
can be explained by the fact that during fempering,
martensite loses carbon, becomes less tetfragonal and
even reverts fo a softer, ferritic phase. This is supported by
the peak width evolution shown in figure 4. The width
of diffraction peaks from the cubic ferritic phase is smaller
than that of the different tefragonal martensitic phases. The
coincidence with the hardness measurement is remarkable.

This study has demonstrated the need for alternative
welding methods that can extend the lifetime of widely-used
boron steel fo its full potential. With several thousand welds
being made on a single car, future work on non-destructive
welding techniques and postspot welding treatments will
enable the boron steel components of cars to maintain their
hardness and avoid residual stress. Importantly, this will
ultimately provide toptier passenger safety in stronger yet
lighter vehicles.
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Direct measurement of
individual phonon lifetimes
in the clathrate compound
Ba, ;,Ge, ;AU

40.6 5.33

Time-of-flight spectrometer IN5
Three-axis spectrometer IN22

The engineering of thermal conductivity
in semiconducting materials is a central
issue in the development of modem
nano- and microfechnologies. Llow thermal
conductivity is important in materials used
in fechnology products as it provides
thermal insulation and thus the reduction
of heat fransfer, ensuring that products

do not overheat. It is also important for
thermoelectrics, as it drives ifs efficiency.
This study provides a direct quantitative
measurement of phonon lifetimes in a
clathrate, providing a novel picture of
thermal conductivity in complex materials.

Figure 1

llustration of the atomic sfructure of the Bay g1Gean ¢7Aus 33 clathrate.

LAu1
Ge2
b
Ge3
>
<Ba1
<Ba2
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Understanding how heat propagates in a material is

a key issue in many different fields. For instance, with
thermoelectric materials, which can transform heat

info electricity, researchers try to reduce the thermal
conductivity—a key parameter in the efficiency equation
of these materials—as much as possible. However,

an understanding of the detailed mechanism of heat
propagation in structurally complex compounds is still
lacking. The heat is carried out by quasi-particles named
phonons that travel in the material af the speed of sound.
While travelling in a material a phonon collides with
defects or other phonons, as billiard balls would do, in
turn reducing the thermal conductivity. The more collisions
there are, the smaller the thermal conductivity. This is
measured by the mean distance a phonon travels without
collision [phonon mean free path) or by the mean fime
between two phonon collisions [phonon lifetime—the
phonon mean free path is the product of the phonon
lifetime by phonon velocity).

A multi-partner study within the European CMAC network
has experimentally measured af the ILL, for the first fime,
the phonon lifetime of a thermoelectric material clathrate
renowned for its very low, ‘glassike’, thermal conductivity.
This material is a periodic packing of cages constructed
with Ge and Au afoms enclosing heavy Ba atoms, as
illustrated in figure 1. For a long time it was believed that
the glass-like thermal conductivity of clathrates resulted from
"phonon glass’ behaviour, with very short mean free paths
of the order of interatomic distances (i.e. 0.3-0.5 nm).

As has been shown in previous experiments on clathrates
[1, 2], an overview of the dispersion measured on
three-axis instruments at the LB and on the time-offlight
spectrometer IN5 at the ILL demonstrates that the acoustic
phonons that are effective in carrying heat are in fact
confined fo a very limited wave vector and energy range,
typically of between O to 6 meV as shown in figure 2.

/\/\eosuring |ong lifetime with Trip|e—o1><is instruments is
challenging because of the phonon energy resolution

Figure 2

Two-dimensional inelastic neutron scattering infensity distribution as measured on the neutron time-offlight spectrometer
IN5 af room temperature around the strong zone centre T (Q = 3.6 A'l).
a) longitudinal acoustic [LA) phonons measured along the [100] direction. Well-defined propagating excitations are

only observed for LA modes with an energy lower than 6 meV.

b) Transverse acoustic (TA] phonons propagating along [011] and polarised along [100]. Welldefined propagating
excitations are only observed for TA modes with an energy lower than 5 meV.

Figure 3

The background illustrates the periodic structure of the clathrate, with a unit cell (shown as a white square in on the left
with a parameter 1 nm). The Ba atoms in red are enclosed in the cages. The coloured curved is the inelastic neutron
scattering as measured on the neutron time-offlight spectrometer IN5 af room temperature around the strong zone centre
Te00 (Q = 3.6 A1), The decaying sinusoidal curve illustrates the phonon propagation and ifs fime decay (o lifefime] for

a phonon wavelength equal to 2 nm.

that can be achieved. Using a high resolution setup

and detailed comparison with a Ge reference sample
already gives a very long, measured phonon mean

free path. However, a more conclusive experimental
input is achieved using the neutron spin-echo resonance
[NRSE) techniques installed on the ILL's IN22 three-axis
spectrometer. Thanks fo the extremely high quality of the
single grain sample used, with an overall mosaic spread
equal to 0.01 °, a phonon mean free path larger by one
order of magnitude can be measured.

Our results were very surprising: a phonon mean free path
ranging from fens to hundreds of nm, much larger than that
expected in the ‘phonon glass’ scenario [3]. In particular,
even close to the Brillouin zone boundary, phonon mean
free paths were of the order 15 nm, i.e 10 unit cells.

This is shown in figure 3, where the phonon lifetime

is illustrated by the decay of the wave representing the
phonon frequency.

Such a result can in fact be reconciled with a simple theory
of heat propagation, once the number of acoustic phonons
carrying heat is properly taken info account.

These new experimental results challenge current phonon
lifetime simulations and will serve as a reference for any
future proposed model.
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What is the actual local
crystalline structure of
uvranium dioxide? A new
perspective for the most
used nuclear fuel

Disordered materials diffractometer D4

Up until now, uranium dioxide (UO,),
the most used nuclear fuel, was said to
have an Fm-3m crystalline structure and
its properties were modelled under this
assumption. Recent Xray diffraction results
[1] have questioned this assumption

by finding evidence of shorter than
expected U-O bonds. We investigated
the atomic structure of UO,, using neutron
diffraction fo shed light on this apparent
contradiction, since neutrons are more

sensitive than Xrays to O atoms.
a)

b)

Figure 1

Experimental PDF(r) at 1 273 K (red) compared with
fitted PDF(r) [blue) using Fm-3m space group (a) and
Pa-3 space group (b). The difference between fittred
and observed curves is represented as the green
curve, and the first three distances, UO (UO, and UQ,
corresponding to short and long UO distance in Pa-3),
OO and UU are indicated by black sticks.
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The neutron diffraction experiment was performed using
the D4 neutron diffractometer on a UO, sample having the
form of two sintered pellets (8.3 mm in diameter and 14
mm in height), from 300 K'to 1 273 K. We first analysed
the diffraction pattern using the Rietveld-refinement software
JANA, by putting uranium and oxygen atoms in their
regular positions in the Fm-3m space group but giving them
anharmonic thermal motion. Thermal motion parameters
describe how, on average, an afom moves away from its
central equilibrium position. While the uranium atoms in
UO, have an isofropic thermal motion distribution, Rietveld
refinement showed that the oxygen atoms move preferenﬁo”y
along four different directions that correspond to the four
equivalent [111] vectors in the Fm-3m crystalline structure.

a)

Figure 2

a) Crystal structure of UO, in Fm-3m space group.

b) Oxygen position as a function of the structural model: oxygen atom
at its regular position in Fm-3m space group (red); oxygen atom in Pa-3
having short UO distance (grey); oxygen atom in Pa-3 having long UO
distance (black). Averaging black and grey atoms leads fo the regular
Fm-3m configuration.

However, since Rietveld refinement analyses only the
elastic part of Bragg peak infensities, disregarding

diffuse scattering, it represents the crystal structure of the
sample as averaged over time and also over all the unit
cells in the sample. It is therefore possible that different
oxygen atoms in UO, have different equilibrium positions
in different unit cells, but when averaged over all the
sample's unit cells it looks like a single position but with a
particular shape of thermal motion as described above. In
order fo clarify this, we tumned to PDF-analysis, a technique
that makes use of all the scattered intensity, including the
diffuse scattering that results from local variations in atomic
structure, i.e. from local structural disorder [2].

The pairdistribution function PDF(r) is obtained by Fourier
transform of the diffraction pattern affer correction for
experimental factors, and represents an ensemble-average
of quasiinstantaneous local structures in the sample in

the form of a realspace function whose amplitude is
proportional fo the probability of finding an atom at a
distance r from an average atom at the origin.

Our UO, sample's PDF(r) was fitted with the Fm-3m
space group at 1 273 K. The fit converged quite well

for r > & A but was not able to fit the first two peaks
corresponding fo UO and OO disfances properly
(figure 1a). The measured UO distance was indeed

a bit shorter than that in the Fm-3m structure, which is
consistent with [1]. In order to determine the nature of the
local disorder, the same PDF(r] at 1 273 K was fitted with
the Pa-3 space group. Pa-3 symmetry can be obtained
from Fm-3m symmetry by moving the oxygen afoms out of
their regular positions along (11 1) directions, generating
a disforted oxygen cube with two longer distances

and six shorter distances, as shown in figure 2. The
Pa-3 symmetry was chosen firstly because this oxygen
displacement is consistent with the direction of apparent
oxygen thermal motion resulfing from Rietveld refinement,
and secondly by comparison with other mefal dioxides

b)

(SnO,, GeO,, SiO,) that adopt Pa-3 or Fm-3m crystalline
structures depending on pressure. The Pa-3 fit to the PDF(r]
was very good for shortrange order [r < 6 A) but poor
for longer range order (figure 1b). Therefore the UO,
crystalline structure can be inferprefed as domains of Pa-3
local symmetry but with different orientations that spatially
average over longer distances to the Fm-3m symmetry
observed by Rietveld refinement. These domains could
be either static or dynamic (i.e. changing or moving

with fime]; this could not be identified by the PDF(r)
representing an ensemble-average of quasi-instantaneous
"snapshots’ of local structures across the sample.

Our neutron diffraction data have shown convincingly that
UO, has Fm-3m symmetry only when averaged over long
distances, having Pa-3 symmetry at short range. Although
Unexpeded, this Finding is consistent with some properties
already observed in UO,. In particular, the specific heat
of UO, shows an unexpected increase, starting from
around 1 000 K and ending up at nearly twice the

value expected from the Dulong—Petit Law [3]. This very
unusual behaviour has been fittied empirically but is still
misunderstood. The existence of disorder induced by Pa-3
domains could increase the entropy of UO, and thus be
the reason for the increased specific heat.

More work is needed to understand what causes the local
Pa-3 order, whether it is stafic or dynamic, and especially,
what is the nature of the inferface between different Pa-3
domains. This new description of uranium dioxide at high
femperature, in ferms of Pa-3 domains, could provide new
leads for improving the understanding of high temperature
UQ, behaviour.
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Investigation of the
relationship between the
structure and electrical
conductivity of the novel oxide
ionic conductor Ba,MoNbO, ,

High-resolution two-axis diffractometer

D2B

In a fuel cell the reaction between
hydrogen and oxygen produces water
and electricity and provides a clean

and more efficient alternative to fossil
fuels. An important ambition is fo lower
the running temperature of solid oxide
fuel cells (SOFCs) to temperatures

above 650 °C, as this will reduce

cosfs, increase reliability and lifetime,
and make the wide range of SOFC
applications more economical [1].

We have recently identified a novel
hexagonal perovskite derivative oxide
ion conductor, Ba,MoNbQ, , [2], which
exhibits significant oxide ion conductivity
comparable with other prominent

oxide ion conductors at 600 °C.

Figure 1

Crystal structure of BagMoNbOyg 5. The hybrid structural model formed
by the superimposition of the QR-polytype and the palmierite sub-units
representing the average structure of the system. Colours indicate:

light green Bal(1), dark green Ba(2), blue M(1), cyan M(2), red O(1),
orange O[2) and yellow O(3).
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Ba,MoNbO, , crystallises in a crystal structure that is @
hybrid of the 9R hexagonal perovskite and palmierite
structures (figure 1). This is a novel and so far unique
crystal structure. Units of (Mo,/Nb)O, and (Mo/Nb)

O, coexist within the structure, forming a disordered
arrangement of Mo/Nb fetrahedra and octahedra.
Ba,MoNbO, . is an oxide ion conductor with negligible
electronic conductivity in air/O,. A small amount of
electronic conduction is observed in air/5 % H, in Ar.
Ba,MoNbO, , is the first hexagonal perovskite to display
such promising oxide ion fransport at low femperature with
a bulk conductivity of 2.2 x 10 S cm™ at 600 °C [2].

In order fo determine whether there is a relationship
between the electrical properties and crystal structure,
we performed a variable temperature, powder neutron
diffraction study of Ba,MoNbO, , on the highresolution
D28 diffractometer between 25 °C and 600 °C.

The powder neutron diffraction data confirm that
Ba,MoNbQ, . is phasepure and crystallises in the
hybrid 9R/palmierite structure [space group R-3m H,

Figure 2

A comparison of the thermal variation of the fractional
occupancy of O(3) and the Arrhenius plot of the bulk
conductivity of BagMoNbOg 5.

figure 1) af all temperatures. The temperature
dependency of the a and ¢ cell parometers exhibits
non-monotonic behaviour with a clear change in slope
observed above 300 °C [3], suggesting a possible
structural modification. Large changes to the Mo/

Nb and oxygen site occupancies are observed above
300 °C. Above this temperature a sudden increase in
the M[ 1] (VWykoff site 6¢) fractional occupancy, with a
concomitant decrease in the M(2) fractional occupancy,
is apparent. The same behaviour is observed for the O(2)
and O(3) Wykoff site 3b) fractional occupancies, which
respectively decrease and increase above 300 °C.
Above 500 °C there is litile further variafion in the
fractional occupancies of M(1], M(2), O[2] and OI3).
An overall oxygen stoichiometry of 8.5 was obtained

at all temperatures. Ba(1), Ba(2) and O(1) form the

rigid part of the Ba,MoNbQ, . structure, while M(1),
M(2), O(2) and O(3) are responsible for the variable
fetrahedral /octahedral coordination. Therefore, changes
in the occupancies of the latter afoms indicate that

the structure is able to adjust the rafio of tetrahedra fo
oclahedra and, consequently, the oxygen/vacancy
distributions as the temperature increases. The results
demonstrate that the number of (Mo/Nb)O, tefrahedra
increases upon heating above 300 °C.

Figure 2 shows the temperature variation of the fractional
occupancy of O(3) (situated at the apex of the tetrahedra
(figure 1)), and the Arrhenius plot of the bulk conductivity
of Ba,MoNbO, .. There is a clear correlation between

the number of tefrahedra within the crystal lattice and the
electrical properties at temperatures between 300 °C

and 600 °C. The results clearly demonstrate that the
magnitude of ionic conductivity observed in Ba,MoNbO, ,
is strongly related to the number of (Mo/Nb]O, tetrahedra
within the average crystal structure. Increasing the number
of (Mo/Nb]O, tetrahedra most likely offers more
|ow-energ\/ transition pofhs for fransport of the O ions,
further enhancing the conductivity.

In summary, this variable temperature neutron diffraction
study demonstrates an unusual structural rearrangement

in Ba,MoNbO, , above 300 °C so that the ratio of
tetrahedra to ocfahedra increases and, consequently, the
oxygen/vacancy distribution changes as the tfemperature
increases. We propose that the conductivity is enhanced
by the increase in the proportion of MO, tetrahedra
between 300 °C and 600 °C, and that substitution of
Nb** with an aliovalent cation with preferential tetrahedral
coordination may be a way fo further optimise conductivity
at low temperature in Ba,MoNbO, ..
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Mg _Mn, B,O. pyroborates
(2/3 < x<4/3):
high-capacity and high-rate
cathodes for Li-ion batteries

High-resolution two-axis diffractometer

DZB

The inherent stability and high operating
voltage of polyanion materials makes
them affractive candidates for positive
electrodes in Li-ion batteries. However,
low capacities and poor ionic conductivity
reduce their pofential applications. In

this work we demonstrate that following
electrochemical demagnesiation,
magnesium manganese pyroborates can
act as high-capacity, high-ate cathodes
in Liion batteries. In MgMnB,O. we
demonstrate complefe removal of Mg?*
and the subsequent reversible infercalation
of 1.5 Li* ions per formula unit.

a)
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Pyroborates, M,B,O., are a class of borate polyanion
containing divalent ions. The structure of pyroborates
(figure 1) is highly versatile, with a wide range of
divalent ions found fo occupy the two M sites. The low
mass and reduced oxygen content of the pyroborate
means that a change in the polyanion unit, from borate
BO,* to pyroborate, does not result in a significant
drop in theoretical capacity as is found for the heavier
pyrophosphate, P,O.%, unit. Prior work on Mg Fe, B,O.
proposed the presence of mobile magnesium ions, but
these have not been studied in Li-ion batteries. We
studied the magnesium manganese solid solution

Mg, Mn, B,O, [where x = 2/3, 1 or 4/3], exploring
both the removal of Mg-ions and the subsequent Li-ion
infercalation in a LiHion battery.

Figure 1

a) Polyhedral model of MoBoOs; in the case of Mg,Mno,B>Os the
Mg and Mn ions are disordered over the two M sites.

b) Cycling of MgMnB,Os5 at C/25: inifial charge [Mg removall, red
line; subsequent cycling vs Li for ten cycles, grey lines; and cycling vs Li
after 100 cycles, black line.

Figure 2

Neutron diffraction pattern (red dots) and fit (black line) of

Mgg,/3Mng /3B205. Allowed Bragg reflections are shown as blue
tick marks. Inset) The change in cell volume in Mg,Mny_,B>O5s as a
function of x, as determined from neutron and X-ray powder diffraction.

We used neutron diffraction on the high-resolution powder
diffractometer D2B fo study changes in the structure of the
Mg Mn, B.O; solid solution (figure 2]. We found that
the Mn and Mg are disordered over the two metal sites,
with some preference for Mn to occupy the larger, more
distorted, site. The refined volumes shown in the inset of
figure 1vary according to Vegard's law, with higher Mn
content increasing the unit cell volume.

Despite the disorder in the occupation of the Mg and

Mn sites in MgMnB,O,, we found that it is possible to
remove all the Mg (figure 1b). The presence of labile
Mg?* differs from other Mg-containing cathodes, where
Mg?* doped on transition metal sites is assumed to be
electrochemically inactive. Further cycling vs lithium results
in reversible intercalation of ~ 1.5 Li* ions (250 mA h g').
We studied the changes on cycling through ex situ

7li NMR, magnetometry and neutron diffraction
measurements. Our results show that the pyroborate
structure is retained, even when 50 % of the divalent ions
are removed from the structure. Furthermore, whilst there
is a large change in volume following removal of Mg?*
(4.2 %), subsequent Li* insertion results in an expansion
of just 1 %; an unusually small volume change given the
relatively high capacity.

We found that all members of the Mg Mn, B,O, solid
solution were electrochemically active. In the case of
Mgrich Mg, ;Mn, ,.B,O; we were able o remove

~ 0.5 Mg?* ions and subsequently reversibly intercalate
~ 1 Li* ion, whereas in the case of Mg-poor

Mg, ,;Mn, .B,O, we observed significantly lower
reversible capacity. VWe inferpret this as being the result
of poor ionic and/or electrical conductivity, possibly
due to excess manganese blocking pathways for the

diffusion of Lli/Mg.

This study shows that the pyroborates are a promising
family of materials for high-capacity, highrate, Li-ion
cathodes. The lightweight borate framework leads to
significantly higher gravimetric capacities than those
observed for the pyrophosphate polyanions. The use of
polyanion sfructures where Li* can replace labile Mg
without disrupting crystal structure opens up a new
avenue for novel Liion cathode material with high-
energy densities. Facile Mg?* removal in Mg Mn | B,O,
means that these materials may also be of interest for
Mgrion battery systems.
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Addressed realisation

of multi-cation complex
arrangements in
metal-organic frameworks

Powder diffractometer DIB

Combining different metals provides

new or enhanced physical properties
that cannot be achieved with just one
metal. The difficulty of obtaining multi-
mefal materials with desired properties is
mainly twofold: on the one hand are the
complexities associated with incorporating
more than one element info the atomic
arrangement of the material, and on the
other, is controlling the location where
the second metal element is incorporated
info the other. Metal-organic frameworks
(MOF) are crystalline materials formed by
metal clusters coordinated with organic
linkers. We have developed a strategy to
synthesise a platform of MOF that allows
the incorporation of more than one metal
info the sfructure, where the arrangement
of elements in the crystalline structure is
controlled at various length scales [1].

Figure 1
SEM image of Zn:Co 1:2 and

the mesoscopic arrangement of
the metal clusters.
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Incorporation of more than one metfal info an MOF
structure is possible in those in which the formation

of the crystalline structure is kinetically governed,

such as in the case of ZnPh-1, formed with

4,4 hexafluoroisopropylidene|bislbenzoic acid) (H,hfipbb)
as the organic linker. It crystallises in the hexagonal P6,22
space group (a = 21.22(1) A c=7.710(5) A, where
Zn atoms are arranged in a helical rod-shaped structure,
tetrahedrally coordinated. By maintaining the metal to
linker molar rafio constant at 1.65 it has been possible fo
incorporate a second cation, such as Co, Mn or Ca, info
the structure. The term ‘molar code’ indicates the molar
relation between metal elements (e.g. Zn:Co 1:2).

The combination of single crystal X-ray diffraction together
with high-resolution and high-intensity neutron diffraction
techniques is of utmost relevance in the crystallographic
characterisation of these compounds. At room temperature
Zn:Co, up to molar ratio 1:2, is isostructural to the
original ZnPh-1 with the crystallographic metal position
occupied by both Zn and Co tefrahedrally coordinated.
The crystals are found to be hollow (figure 1) and

the amount of Co, moreover, is larger in the external
areas of the crystals, which is consistent with the hollow
morphology found [2]. Thus, the core of the crystal is
composed of Zn atoms and the shell formed by Zn and
Co atoms all tetrahedrally coordinated.

The coordination environment of Co changes, however, af
low temperatures. The unit cell has a doubled ¢ parameter
and the space group that describes the low temperature
crystalline structure is P6,22. Figure 2 illustrates the
thermodiffraction data from D1B where the phase
transformation is observed. It is worth mentioning that
there is a region of temperatures in which both crystalline
structures coexist. The lattice constant change is caused
by the splitting of the metal site, which is now formed by
tetrahedral and octahedral sites. Figure 3 summarises
the transformation from two independent metal tetrahedral
sites af temperatures above 150 K fo a fetrahedral and
octahedral coordination environment.

In conclusion, at room temperature both atoms are in

a fetrahedral coordination environment while at low
temperatures only Co atoms become octahedral, resulting
in the ¢ parameter change. Increasing the molar ratio of
Co in the sfructure has a direct impact on the presence of
the crystalline phases. Zn:Co 1:10 exhibits both phases at
room femperature, indicating that the presence of cobalt in
the structure has a stabilising effect on the octahedral site.
This MOF has three domains, in which Zn and Co have a
different coordination environment: a small core with only
Zn atoms tefrahedral coordinated; a shell of Zn and Co in
tetrahedral coordination at room temperature; while at low

Figure 2

Neutron diffraction pattern
of Zn:Co 1:2 as a function
of temperature, measured
on the CRG powder
diffractometer D1B.

Figure 3

Transformation from two
independent tefrahedral
sites of group P6422

to an alternating
tetrahedral-octahedral

one of group P6522 where
the ¢ parameter is doubled.

Figure 1
Caption

a) caption

temperature Co is octahedrally coordinated and an outer
shell forms only with Co atoms in alternating tetrahedral
and octohedral coordination environments.

Therefore, it is possible to obtain metal clusters with more
than one metal with variable coordination environments
while maintaining the overall morphology. This method
opens up alternatives for the preparation of new materials
with specific applications.
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London Dispersion enforces
the shortest C-H...H-C
contact recorded to date

Single-crystal diffractometer DI9

london Dispersion (LD)—the main
affractive interaction of the van der
Waals forces—arises from pairwise
correlated electron movement between
atoms [1]. For a long time LD was
considered largely negligible, but it
grows rapidly with increasing size of the
molecular system. Recent investigations
provide ample evidence of the decisive
influence of LD in multiple scientific
fields [2]. Dimeric allF-meta tertbutyl
triphenylmethane 1, hereby embodies
a milestone as the LD interactions
overcome the immense Pauli repulsion
of the fertbutyl groups, resulting in the
shortest known C—H---H-C contact [3].
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The design of molecular systems and the prediction

of their properties depend on a full understanding of
chemical interactions that are often dissected with the
help of computational methods. The lack of inclusion

of LD in commonplace density functional theory (DFT)
methods has led fo the realisation that LD is critical to
describing structures and reactivities fully. A posteriori LD
corrections such as Grimme's D3 term allow dispersion to
be switched on and off, thereby providing fundamental
insights [4]. Such LD corrections require molecular

model systems with accurately defined properties, as
provided by the hexaphenylethane scaffold. While parent
hexaphenylethane has not yet been observed, due to
steric repulsion of the phenyl rings, the infroduction of
bulky fertbutyl groups in all mefapositions leads to an
isolable compound with a very long central bond of
Roo=1.67 A {R_ [common]: 1.54 A} [5]. We have
shown that the fertbutyl groups stabilise the molecule, not
kinetically by steric shielding but thermodynamically by
strong attractive LD forces between the fertbutyl moieties.
Such groups are now termed dispersion energy donors
[DED) [6]. In our previous computational studies we found
that large, symmetric and rigid alkyl moieties like fertbutyl
and T-adamantyl are excellent DEDs. Upon extension of
the DED concept to the all-mefa tertbutyl triphenylmethane
dimer 1,, formally the hydrogenation product of allmeta
tertbutyl hexaphenylethane, we were able fo prepare a
unique dispersion dimer displaying the shortest C—H---H-C
contact known (figure 1.

Figure 1

The ND structure of dimeric all-mefa fertbutyl triphenylmethane 15.
The monomers are indicated in blue or red for better visibility. The
very short cenfral H---H confact appears in the middle. Ellipsoids

are drawn at 50 % probability.

Figure 2

Top) Structures of dimeric allmeta fertbutyl friphenylmethane

15 (left) with its short H---H contact and former record-holder
‘halfcage’ 2 (right) R': OBn.

Bottom) Hits for H---H contacts determined by ND in the Cambridge
Crystal Structure Database (V5.38 + two updates| rise quickly, starting
from distances around the sum of the van der Waals (vdW) radii of
hydrogen. The repulsive region below Ryy..q < 1.9 A

contains only seven non-bonded H---H contacts in six molecules,
revealing the difficulties of preparing structures with such short contacts.

To date, most very short H---H confacts have been
obtained inframolecularly. The former record-holder is the
bowl-shaped, 'half-cage’ pentacyclododecane 2 with an
H.--H distance of 1.617(3) A, determined by neutron
diffraction (ND) at 113 K (figure 2) [7]. This contact

is 27 % closer than expected from the sum of the van

der Waals radii and is therefore highly repulsive. The
energy needed to overcome the repulsion results in severe
deformations of the molecular structure.

All-meta tertbutyl triphenylmethane crystallises in the P23
space group (R = 0.03) as a dispersion-bound dimer.

The short C—H---H-C confact is intermolecular and both
parts of the heado-head arrangement are contained in
the asymmetric unit. Neutron data collected on the ILL
single-crystal diffractometer D19 at 20 K revealed that this
H---H contact is as short as 1.566(5) A. Unlike in previous
molecules containing short, fransannular H---H confacts, 1
does not seem to suffer from severe geometric distortions:
the bond angles around the central bond of 1, and the
corresponding C-H bonds length are ordinary.

A computational analysis (HSE-3c/CRYSTAL14) of the
periodic crystal structure was performed fo rationalise
this surprisingly short confact. The computed periodic

structure is in good agreement with the ND sfructure

[VMexp.] = 7833.1(4) As: Vcomp.) = 7676.9 A% and

Figure 3

The energy decomposition analysis (EDA) of 1, at the B3LYP-
D3ATM(B]) /def2TZVPP level of theory shows the high repulsion within
the dimer (blue| that is outbalanced by LD inferactions between the
monomers (green). @ This EDA scheme obtains the LD interaction

from the (partly DFT method-inherent) electron correlation (~28 keal
mol~1) and additionally the D3ATM(B} correction (-52 keal mol-T),
accounting for the insufficient correlation treatment in DFT.

it reproduces the H---H distance within the error bar.
Comparison with the gas phase dimer reveals a minor
crystal packing effect. The energy decomposition analysis
(B3LYP-D3*™(BJ) /def2TZVPP| shows a large Pauli repulsion
of +74 keal mol™!, which is mainly outbalanced by -80
keal mol! of LD (figure 3). The large contribution of the
tertbutyl groups as DEDs becomes evident when all-mefa
fertbutyl substituted 1, is compared with the unsubstituted
parent friphenylmethane dimer: 77 % of the LD is lost and
the headHo-head arrangement becomes thermodynamically
unfavourable. Hence, LD can become the decisive quantity
determining hitherto unrealised chemical sfructures. This
demonstrates the applicability of the DED concept and the
nofion of LD as an infegral part of molecular design.
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Fast diffusion of methane
at the interface of clathrate
structures | and Il

Time-offlight spectrometer IN6

Methane clathrate hydrates are inclusion
compounds in which methane molecules
are caged in open crysfalline frameworks
of water molecules. Using quasi-elastic
neutron scattering measurements we
observed a remarkably fast diffusion of
methane af the interface of the two most
common clathrate hydrate structures,

sl and sll, whose coexistence was
promoted by applying high pressure.
This result could considerably improve
our undersfanding of non-equilibrium
phenomena in methane hydrates, such as
clathrate formation and gas exchange,
and indicate new routes for exploiting
these materials as energy resources.
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Methane clathrate hydrates are icedike solids in which
methane molecules are enclosed inside polyhedral cages
formed by hydrogen-bonded water molecules. They

form naturally in large quantities within marine sediments
and within and below continental permafrost, and have
therefore affracted considerable attention in the last
decade for their potential as powerful geo-organic fuel
resources. Exchanging the guests in existing methane
hydrate deposits with CO, has recently been indicated as
a promising tworin-one approach to energy recovery and
concomitant carbon dioxide mitigation.

Assessing the technological viability of such energy
applications and then implementing them requires a
complete understanding of the non-equilibrium phenomena
involving methane clathrate hydrates —something that

has still not been achieved. For example, very litle is
known about the microscopic diffusion of methane during
conversion between different clathrate structures, although
methane diffusion certainly plays a paramount role in that
process. The transport properties of methane clathrate

Figure 1

Examples of measured QENS specira
at 0.8 GPa, 282 K and two momentum
transfer values. Experimental data
[emply circles) are compared with their
best fits (black lines) within the 3D
diffusion model. Quasi-elastic Lorentzian
[solid green lines) and elastic (dashed

Intensity (a.u)

green lines) components are also
shown. (Insets) The Lorentzian fits are
compared with the fits obtained within
the 2D diffusion model (blue lines).

58 INSTITUT LAUELANGEVIN © ANNUAL REPORT 2017

fiw (meV)

2.0
é//é’”’ 3D
__15¢ /,5/' 1
P PR
= v
5 1.0-:,!—’ T
N
o
~~ 0.5+| ® 2D model ¥ 4
a @® 3D model 2D
% pure CH,
0.0 t + + + +
200 220 240 260 280 300
T (K)
Figure 2

Left) Temperature dependence of the translational diffusion
coefficient D at 0.8 GPa, as obtained in the 3D and 2D diffusion
models. Arrhenius fits of D are shown as dashed lines. The esfimated
value for D in pure methane from the literature [4, 5] is also reported.
Right) Schematic views of the 3D and 2D diffusion processes

are presented.

hydrates under high pressure are also important in planefary
science, as clathrate hydrate layers are believed fo exist af
pressure in the inferiors of large icy bodies in the universe.

For clathrate hydrates of methane, structure | is the
thermodynamically preferred phase, while structure Il is a
metastable form that is kinetically favoured and transiently
detected in the initial stages of the hydrate formation
process. Remarkably, structure Il can persistently coexist
with structure | in methane clathrate hydrate under high
pressure. We therefore took advantage of the novel
possibility of performing quasi-elastic neutron scattering
measurements under pressures of the order of gigapascals
[1], and directly measured the diffusion of methane
molecules af the interface of clathrate structures | and I

as a function of temperature between 212 and 282 K

at 0.8 GPa [2]. The sfarting structure | clathrate was
constituted by a frame-deuterated (CH,D,O) sample
containing approximately one methane molecule for every
six water molecules.

Experiments were performed on the time-offlight
spectrometer ING using a Paris-Edinburgh press. Analysis of
the QENS spectra revealed a fast, extracage franslational
diffusion on the picosecond fime scale, involving a
sizeable fraction (approximately one third) of the methane
molecules in the sample. The existence of such a high
fraction of fast-diffusing methane molecules strongly
suggests that an appreciable fraction of water molecules
is in a disordered state during sfructural coexistence.

Such disordered regions would form at the front line of
the transformation between clathrate structures | and I,
and their sizes would be below the typical size of the
crystallites of a few micrometres.

The quasi-elastic signal was fitted assuming a
three-dimensional (3D) diffusion process at the grain
boundaries, i.e. using a simple Lorentzian function (see
typical QENS spectra in figure 1), and a planar (2D)
diffusion model, i.e. using the complex formula reported
in reference [3] (see insets in figure 1 for examples

of fits and reference [2] for details). The second model
corresponds fo the scenario in which the grain boundary
network or the intercalated disordered regions between
crystals of structure | and structure Il are thin compared with
the typical length scale probed by the instrument (that is,
1-10 A so that the methane molecules essentially diffuse
bi-dimensionally. The fits obtained within the two models
are actually indistinguishable outside the instrumental
resolution-dominated region close to w = O (figure 1),
and therefore it is not possible fo unequivocally establish
whether bulk or planar diffusion is taking place.

In both cases, the obtained translational diffusion
coefficients D turn out fo be of the order of 104 cm? 57!
—i.e. seven fo eight orders of magnitude higher than
those reported in the literature for cage-to-cage hopping
of methane through clathrate structure | af low pressure,
up fo one order of magnitude higher than that of a
supersaturated watermethane solution at low pressure
and a factor of two fo three times higher than that
expected for pure bulk supercritical methane af the same
pressure and comparable temperature (figure 2).

The remarkable enhancement of the methane diffusion
observed can be ascribed either to fast diffusion within
methane nanobubbles forming at structure =structure i
grain boundaries, or, alternatively, to a hyperdiffusion
phenomenon associated with a peculiar layered structure
of the interface [2]. Further investigation will be needed to
distinguish between these two scenarios.
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The hydrogen-bond
collective dynamics
in liquid methanol

Brillouin spectrometer BRISP

Despite thorough scrutiny, the microscopic
behaviour of hydrogen-bond (HB)

systems still presents many mysterious
aspects. Their elucidation could clarify
both why this elusive interaction is key to
biological functioning and the origin of
unusual properties of aqueous solutions
and alcohols, undoubtedly the classes

of liquids most directly affecting life and
daily human activity and development.

Figure 1

Upper panel) Fit of neutron Brillouin data obtained for liquid
deuterated methanol at 298 K. The fotal fit (red line) is a linear
combination of simulation (blue line) and multiple scattering (magenta
line) data.

Lower panel) Fit of MD resulis fo the theoretical model for liquid
deuterated methanol at 298 K. The total fit {red line) is the sum of @
viscoelastic (orange line] and two damped harmonic oscillators” (green
and cyan lines) line shapes.
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The two most studied members of these two families—
water and methanol—share many features, their relevant
difference consisting in the replacement of a proton by a
methyl group that bestows on alcohols their amphiphilic
character and different solvent properties. Therefore, a
sensible question fo ask is whether methanol shares with
water the anomalous dynamic behaviour of collective
molecular excitations (CME), namely a remarkably fast
highfrequency wave propagation and its unusual coupling
with transverse molecular movements [1, 2].

Comparing the phenomenology of CMEs in water
and methanol is of prominent scientific interest, not so
much for the analogies between them as for their main
structural difference: unlike methanol, water has an HB
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Energies of longitudinal and transverse modes for
liquid methanol at 298 K. The energies obtained by
modelling the Scp(Q, w) are indicated by squared
symbols and colours as in figure 1. The energies
obtained from the analysis of current spectra are

Figure 3
indicated by open circles. e

—> Movements of molecular centre-of-mass

Sketch of longitudinal and transverse modes contributing to the THz
spectrum of liquid water and methanal.

network with a tetrahedral symmetry, which has
indeed often been idenfified as responsible for
the above-mentioned anomalies.

A direct characterisation of CMEs in a liquid can

be gained using scattering methods, through the
measurement of the dynamic structure factor S(Q, ),
which depends uniquely on the momentum and energy
exchanged between the farget sample and the beam of
probe particles [neutrons, for instance]—hQ and hw
respectively —with h being the reduced Planck consfant.
Most importantly, SIQ, ) can be independently
determined by molecular dynamics [MD) computer
simulations, whose synergic employment in experiments
is essential. Indeed, on the one hand experiments
represent the ideal benchmark for interaction models
employed in MD routines; on the other, MD methods
can cover much broader dynamic windows and probe
properties not accessible experimentally.

On the experimental side, the neutron BRIllouin
SPectrometer, BRISP, af the ILL, is an ideal tool for pursuing
the above research programme, as it can access the Q
and o regions in which CMEs dominate the S|Q,w) of
liquid methanol at T = 298 K. The line shape measured by
this instrument on the methanol sample is presented in the
upper panel of figure 1 for one example Q value.

An ideal complement of S|Q,w) measurements is provided
by computations of S, (Q,w), the cenfre-of-mass dynamic
structure factor, which is not accessible experimentally and
is closely connected fo stafistical correlations between
molecular centres of mass movements. This spectral function
is in principle strongly affected by inferactions involving
distinct molecules such as HBs. The S, (Q,w) profile of
methanol computed at one example Q value is presented
in the lower panel of figure 1.

Overall, both measured and computed spectra in
figure 1 reveal the presence of CMEs through side
shoulders in the line shapes, whose presence is
emphasised by comparison with best fitting models

of the total spectral shape and the individual CME
contributions. The S|Q, ) so obtained mostly describes
a socalled ‘longitudinal” dynamics because the system
is probed along directions parallel to Q. We have
therefore computed the current spectra which is a quantity
allowing us also o characterise the dynamics fransverse
fo Q. In this way, we obtain a sef of data describing
both longitudinal and fransverse modes, reported as a
function of Q in figure 2. These data clearly indicate
that some modes have frequencies linearly vanishing in
the Q = O limit, thus revealing their acoustic nature, i.e.
their ability to propagate over macroscopic times and
distances, with a travelling speed given by the slope

of the curve. Conversely, other modes instead exhibit a
non-propagating, rather localised, nature, as suggested
by the vanishing ‘group velocity’, i.e. the essentially

flat Q dependence of their frequencies. The similarity
between the longitudinal and transverse flat modes calls
for global reconsideration of the popular attribution of this
coupling fo the tefrahedral character of the HB network.
A schematic representation of both modes in water and
methanol is shown in figure 3.

This complex phenomenology closely resembles that
previously observed in other HB systems [3], which
suggests some universality in the highfrequency collective
dynamics of HB network liquids.
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One-dimensional
phase diagram for
simple glass formers

Time-offlight spectrometers IN5 and IN6
Backscattering spectrometer INI6B

For simple van der Waals glass formers,
we show that the dynamics over 14
orders of magnitude in time scale

can be expressed as a function of a
single parameter, reducing the usual
femperature—pressure phase diagram info
one of just one dimension in accordance
with isomorph theory. For the investigated
simple van der Waals systems, this

is found fo be frue even when the
vibrational and fast reloxational dynamic
contributions on a picosecond time scale
are completely separated from the alpha
relaxation at the glass transition, which is
on a fime scale of seconds. The scaling to
one confrol parameter also works for the
alpha relaxation dynamics in a studied
hydrogen-bonding system on a large
range of fime scales, but in this case it
breaks down close to the glass transition.

AUTHORS

H.W. Hansen, A. Sanz and, K. Niss (Roskilde University, Denmark)
K. Adrjanowicz (University of Silesia, Katowice, Poland)

B. Frick (IL)

ARTICLE FROM
Nat. Commun. accepted) — arXiv:1709.08953

REFERENCES

[11 M.D. Ediger and P. Harrowell, J. Chem. Phys. 137 (2012)
080901

[2] J.C. Dyre, J. Phys. Chem. B 118 (2014) 10007

[3] H.W. Hansen, A. Sanz, K. Adrjanowicz, B. Frick and K. Niss,
accepted in Nat. Commun. (2017) arXiv:1709.08953

[4] A. Sanz, HW. Hansen, B. Jakobsen, I.H. Pedersen, S. Capaccioli,
K. Adrjanowicz, M. Paluch, J. Gonthier, B. Frick, E. leligvie-Berna,
J. Peters and K. Niss, arXiv:1709.09859.

[5] H.W. Hansen, PhD thesis (2018), Roskilde University, IMFUFA teskst
507, ISSN: 0106-6242

[6] H.W. Hansen, B. Frick, T. Hecksher, ].C. Dyre and K. Niss, Phys.
Rev. B 95 (2017) 104202

The ability to form a glass is a universal property of
materials. VWWhen a liquid is supercooled below its melting
point, avoiding crystallisation, the molecules will stay
disordered as in the liquid but movement will eventually be
so slow that the material is considered a solid. The glass
transition is defined as occurring when the structural alpha
relaxation reaches T, = 100 s. Molecular movement can
be slowed down by cooling as well as by compression.
The nature of the glass transition remains a puzzling
phenomenon, and a complete understanding must include
temperature as well as pressure dependencies of the
dynamics [1].

Isomorph theory proposes the existence of isomorphs,
which are curves in the phase diagram along which
dynamics and structure are invariant on all time scales
affer appropriate scaling. The idea is that two stafe points
are isomorphic if their potential energy landscapes are the
same affer scaling, i.e. one landscape can be mapped
onto the other [2]. Experimentally, we can identify
potential isomorphs by isochrones, which are lines in the
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Figure 1

llustration of an incoherent infermediate scattering
function, IQ, 1), at the glass transition. One

observes a complete separation of time scales: 0

vibrations and fast relaxation at short times and
the o\pho relaxation at \ong times. A combination
of TOF [ps), BS [ns] and dielectrics (ps to 102 )
spans a large dynamic range.
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IN5 spectra of a simple glass former (PPE) shown as a funcfion
of energy fransfer on reduced energy unit scale in accordance
with isomorph theory, = wp~1/3T ~1/2_ All spectra are shown
summed over Q. The sfate points of the two isotherms and the T
isochrone [t = 100 s] are shown in the (T,P) phase diagram.

femperature—pressure phase diagram of constant alpha
relaxation time, e.g. the glass transition line (figure 2).
The alpha relaxation time is one parameter that should

be constant along an isomorph. If isomorphs exist,
dynamics on all time scales should then be invariant along
isochrones. Isomorph theory is an approximate theory and
therefore only expected to work for simple systems.

We measured three different systems using a high-
pressure cell for performing simultaneous dielectric and
neutron specfroscopy [3]. This newly developed cell was
a collaboration between ILL services (SANE and SCI)

and Roskilde University and has been used with time-of-
flight (TOF) on IN5 and IN6, and backscattering (BS)

on IN16B, accessing a large range of fime scales [4].
Two of the systems were van der Waals liquids without
secondary relaxations, i.e. systems we consider to be
simple. The third system was a hydrogen-bonding system
with more complex dynamics, e.g. a methyl-group rotation
visible in BS and an excess wing in the dielectrics. With
the dielectrics covering time scales from 1074 to 107 s,
using INT6B which covers nanosecond dynamics and INS
covering picosecond dynamics we were able fo explore
the temperature and pressure dependence of the dynamics
on a large range of time scales.

We found the alpha relaxation dynamics measured

with TOF and BS, i.e. pico- and nanosecond dynamics,
respectively, fo scale for all three systems along isochrones
determined from dielectrics when the alpha relaxation
time was faster than milliseconds [5]. As the temperature

is lowered (or pressure increased) approaching the glass
fransition, the alpha relaxation dynamics separates from
fast reloxations and vibrations on picosecond time scales.
This final state is illustrated in figure 1, while there is

no relaxational signal within the instrumental resolufion

of INT6B, i.e. at nanosecond time scales. In the TOF
window of IN5, i.e. at picosecond fime scales, we
observe dynamic contribufions from vibrations and

fast relaxations.

In figure 2 we show picosecond dynamics from IN5
for 5-polyphenyl ether [PPE), a simple van der Waals
liquid [6]. While the picosecond dynamics is observed
fo change along the two isotherms in the glass and in
the |iquid, we observe that it is invariant o|ong the g|oss
fransition isochrone found from the dielectrics. This non-
rivial collapse of the picosecond dynamics at the glass
fransition, where the dynamics is completely separated
from the alpha relaxation, was shown for two simple van
der Waals systems, while it was shown not to hold for the
more complex hydrogen-bonding system.

For the simple van der Waals systems, the collapse of the
picosecond dynamics along the glass fransition implies
that dynamics on all time scales can be expressed as a
function of just one parameter instead of the usual two
(T,P), and this is interprefed as a genuine signature of real
simple glass formers having isomorphs. The implication of
this finding is that if a universal theory of the glass fransition
exists, it must be in agreement with the one-dimensional
phase diagram of isomorph theory.
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Coexistence of spherical
and deformed structures
in the ?6Y nucleus:

the onset of a quantum
shape-phase transition in
the A = 100 mass region

Polarised cold-neutron beam facility PFIB

Nowadays, sophisticated nuclear

models can predict the very different
observed structures of nuclei, astrophysical
observations and fission mechanisms.

Key observables to validate such models
are, in turn, provided by technologically
challenging experiments. In our recent
publication [1] based on the EXILL campaign
at PF1B, the energy level scheme of %Y

(a nucleus with N = 57 neutrons, lying in
the proximity of the rprocess nucleosynthesis
path) was significantly extended following
neufron-induced fission of 2**U and #4'Pu
fargefs. The coexisfence of spherical

and deformed shapes was observed,
indicating that deformed structures are
already apparent three neutrons away

from the N = 60 isotone chain where

the quantum shape-phase transition

from spherical to deformed occurs.
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The shape of a particular nucleus results from the
inferplay between the collective (macroscopic) and
single (microscopic) particle nature of such a complex
many-body quantum system, and therefore sfrongly
depends on both the atomic number Z and the neutron
number N. Neutron-ich nuclei around Z = 40 and

N = 60 provide one of the best ferritories for exploring
this duality. Indeed, the sudden onset of deformation
observed for neutron-rich nuclei with Z = 37-40, near
N = 60, is considered the most dramatic shape change
in the nuclear chart, with typical characteristics of
quantum-phase transition phenomena [1, 2]. This
abrupt shape change can be interpreted in terms of the
inferchange between coexisting spherical and deformed
configurations: while in isotopes with N < 60 the former
are energefically favoured, for N > 60 the situation is
inverted with the deformed structure becoming the lowest
in energy. The question that arises is whether deformed
structures appear in close proximity to N = 60 (i.e. in
P5Rb, %St 98Y, 78997 with N = 58 and 59, deformed
rotational bands built on excited isomeric states exist) or
whether they also reside in lighter isofopes.

Figure 1

Evolution of the deformed structures across the Y (Z = 39)
isofopic chain [3,4,5].

To shed light on this issue we have studied in detail the
structure of the N = 57 yitrium isotope, i.e. Y [3], which
prior to our work was very poorly understood. The nucleus
of interest was produced by cold-neutron-induced fission
of 235U and #'Pu targets at the PF1B facility. An extensive
speciroscopic investigation was possible by employing

a highly efficient HPGe array (consisting of up to 49 Ge
crystals) installed af the ILL, during the EXILL experimental
campaign. The level scheme of Y was significantly
extended on the basis of the gamma-coincidence
spectroscopy technique. A new 201(30)ns isomeric state
at 1 655 keV excitation energy was also discovered and
the structure feeding this isomer identified: it resembles
the beginning of a rofational band, analogous to the

4~ isomeric state in the %Y isotope. The results point fo
the existence of deformed sfructures already apparent

at N = 57 which, with increasing number of neutrons,
gradually decrease in energy fo become dominant at

N = 60 (figure 1).

The observed structure evolution can be used to validate
sophisticated nuclear structure models such as, for
example, large shelF-model calculations based on
ingenious computational schemes [6] and very powerful
computing systems (with a million parallel processors,
e.g. the Tokyo K supercomputing system [7]), which can
predict the properties of nuclei lying on the rprocess
nucleosynthesis path [8]. This has significant implications
for computing the abundance of elements heavier than Fe
in the universe, which so far remain largely uncertain.
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Direct tomographic quantum
state reconstruction in
neutron interferometry

Neutron interferometer SIS

Quantum state fomography is one of the
major resources in quantum information
science, quantum communications and
computing. However, quantum state
tfomography requires a lot of data
postprocessing. Consequently, an
alternative, more direct, fomographical
method was implemented in 2011

[1] using minimally disturbing
measurements—so called weak
measurements [2]. Recently, theorists
have predicted better performance

by utilising weak values obtained

not via weak measurements but via
conventional strong ones [3]. Using

a silicon perfectcrystal interferometer
we clearly demonstrate that strong
interactions outperform weak ones

for fomographic accuracy [4].

Guide Field: BSF
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Consider a tworlevel quantum system or qubit, e.g. a

spin sfate, which is the fundamental building block of
quantum computing. The qubit is characterised not only
by the populations of its two eigenstates but also by the
relative phase between them. The standard method of
defermining the complete state is called quantum state
tomography. Repeated measurements project the state in
different directions in phase space, then finally the original
state can be reconstructed. Nevertheless, this requires a lof
of computational postprocessing of the measured data in
order to infer the inifial quantum state.

In 2011 a novel, more direct, tomographical method
was implemented that makes it possible to defermine the
quantum sfate without the need for post-processing [1].
However, that novel method has a major drawback—
namely, that minimally disturbing measurements, referred
to as weak measurements, are involved. The basic
principle of weak measurements, a procedure introduced
by Yakir Aharonov in 1988, is to keep the backaction
of the measurement on the system small [2]. The price for
this is that one can gain only very little information about
the observed system for a single measurement. Thus the
measurement has fo be repeated multiple times, which is
the main disadvantage of this procedure.
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Figure 2

Photograph of the experimental setup at $18, with the neutron
interferometer on a fully vibration-damped platform and covered

by a magnetic guide field (red) as well as magnetic and thermal
sensors: (upper left corner) a zoomed-in picture of the triple Lave
interferometer; (upper right corner) a cropped version of the water-
cooled Helmholtz coils, constructed using a state-ofthe-art 3D-printer.

We have now managed fo integrate conventional,
so-called strong measurements, in the tomographic
procedure, thereby improving performance. As a result,

it is possible fo defermine the quantum state with higher
precision [measure of fluctuation) and accuracy (deviation
from the theoretical predidion], all in a much shorter time
compared with the approach using weak measurements.

Our neutron interferometric experiment, which is
schematically illustrated in figure 1, was the first
realisation of this procedure which works in the following
way: at the first plate of the neutron interferometer, an
incident neutron beam is split info two separate beams that
fravel along different regions in space. The two sub-beams
are recombined at the last plate of the interferometer,
giving rise fo inferference. The state of the neutron inside
the inferferometer is described as a coherent superposition
state of the two path eigenstates associated with the two
beam paths. The purpose of the small Helmholtz coils
inside the interferometer is fo couple the neufron’s spin fo
the path by tuneable spinor rotations. The angle of rotation
accounts for the measurement strength of the tomographic
procedure, aiming fo defermine the neutron's path state.
Figure 2 shows a photograph of the actual neutron
inferferometric setup. The two paths of the interferometer
form, similar to the spin, a two-level systfem or qubit.

Tworlevel systems, albeit the simplest quantum systems, are
of considerable inferest because they are the fundamental
building block of any quantum information process.

Our experiment confirms the advanced character of
modern techniques applied in quantum physics: it should
be noted here that neutron inferferometric methods are
well suited to this kind of hightech research. The validity
of our results is not limited to the quantum system formed
by single neutrons, but can in fact be generalised 1o other
systems. Neutron interferometric investigation may have

a major impact on how quantum state estimation will be
performed in the future in the rapidly evolving field of
quantum information science.
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Anomalous diffusion of
water in membranes
for fuel cells

Performance optimisation of fuel cells
implies a complete understanding of

the correlation between the structure of
the membrane where proton transport
takes place and the dynamics of the
absorbed water molecules. Neutron
scattering is the inevitable tool for
revealing the defails of this complex
multiscale dynamics. By jointly analysing
quasielastic neutron scattering (QENS)
and molecular dynamics (MD) simulation
data for a range of materials, we
demonstrate that the sub-diffusion of
water molecules is the crucial mechanism
underlying experimental observations.

Figure 1

Sketches of the molecular models used in the MD
simulations, together with typical snapshots of the
considered systems at different water volume fractions,
®. We represent in brown the polymer backbones,

in white the side chains. Green beads schematise the
SO3~ groups, water is in blue and the profonated
complexes (hydronium| in red (figure taken from

doi:10.1038/541598-017-087469).

68 INSTITUT LAUELANGEVIN © ANNUAL REPORT 2017

AUTHORS

Q. Berrod (LLB, CEA, CNRS, Université Paris-Saclay, France and
Lawrence Berkeley National Laboratory, US)

S. Hanot (ILL and Pasteur Institute, Paris, France)

A. Guillermo, S. Mossa and S. Lyonnard (Universit¢ Grenoble Alpes,
CEA, CNRS, INAC, SYMMES, Grenoble, France)

ARTICLE FROM

Sci. Rep (2017) = doi:10.1038/541598-017-087469

REFERENCES

[11 K.D. Krever et al., Chem. Rev. 104 (2004) 4637

[2] K.A. Mauritz and R.B. Moore, Chem. Rev. 104 (2004) 4535
[3] J-C. Perrin et al., J. Phys. Chem. C 111 (2007) 3393

[4] F Volino et al., ). Phys. Chem. B 110 (2006] 11217

The dynamics of absorbed water defermines proton
fransport in membranes employed in polymer electrolyte
membrane fuel cells [1]. Among these soft charged
materials, perfluoro-sulfonic acid compounds like Nafion
[2] and Aquivion (differentiated by the length of their
grafted side chains, shorfer in the latter) play a crucial
role in fechnology. However, due to their complexity they
still constitute an extreme choHenge. Simp|er systems, like
the perfluorooctanesulfonic acid ionic surfactant with a
structure very similar to that of the Nafion side chain, also
show similar properties.

Where do the challenges come from? In the presence

of water, all these materials phase-separate, assuming
infricate, multiscale, hydration-dependent morphologies
where mechanical strength is provided by a hydrophobic
host matrix and proton fransport fakes p|oce in rondom|\/
distributed, irregu|or ionic nanodomains. CondudiviT\/

in these structures therefore depends on both the
macroscopic fotal amount of water absorbed in the
network of inferconnected channels and the microscopic
structure of the fluid molecules, making comprehension of
this inferplay very difficult o achieve.

Figure 2

a), b), ¢) MD diffusion coefficients of the water molecules, at the
indicated length scales and hydrations for all materials, versus the
size of ionic domains, d,,,. Local (d) and nano-scale (e) diffusion
coefficients determined by QENS using the generalised Gaussian
model for localised translational motions [4]. f) Water self-diffusion
coefficient measured by PFGNMR. The data are plotied as a function
of d,,, to highlight the complex inferplay between the structure of the
confining environment and the dynamics of the absorbed fluid (figure

taken from doi: 10.1038 /54 1598-017-08746-9).

When complex dynamics at the nano-scale are involved,
QENS experiments are inevitable [3]. In our work, we
have complemented such experiments using small-angle
Xray scattering [SAXS) to gather specific information
about the main features of the confining matrix, such

as the typical size of the ionic domains, d, and
PGF-NMR measurements, which allow perfect control

of the long-ime self-dynamics limit. MD simulation
supplies further help by providing, for instance, synthetic
three-dimensional system femplates that are useful for
mere visual inspection or information of a kind that
cannot be exfracted from experiments. Such possibilities
offen enable additional arguments to be put forward

in order fo better justify or extend the inferprefation

of experimental results. Typical MD snapshots of the
investigated materials, as well as sketches of the
coarse-grained numerical models used in our simulations,
are shown in figure 1.

By jointly analysing experimental and simulation

dafa we have been able fo distil two important main
messages. First, by following the water molecules’
frajectories generated by MD we have made an
observation that would have been impossible under
experimental conditions: the squared distance covered

by the confined molecule over a certain inferval of time
is not linear in the latter, as it is in the case of in bulk. In
contrast, it varies as a power law, with an exponent less
than one and decreasing as hydration decreases. This
is the hallmark of sub-diffusion and implies that water
diffusion coefficients measured on different time (length|
scales will be different, in contrast with Fick's law.

The second conclusion originates from the data shown
in figure 2: the diffusion coefficients that we read’

in MD at well-chosen length scales in different hydration
conditions reproduce analogous values extracted from
experiments via extremely complex fitting procedures.
These assume different dynamical mechanisms active

at increasingly large length scales (cartoons in

figure 2). In fact, at a few points the experiments
probe the underlying anomalous dynamics of confined
water which is tracked continuously by MD simulation.

Our work has a potential impact in all contexts where
water confined af nanometric scales controls important
phenomena, from biology to materials science.

(This is part of the ILL thesis work of Samuel Hanot)
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What can we learn from
magnetic oscillations in cuprate
superconductors: planar
coupling or fine details of
Fermi surface reconstruction?

Thirty years after the discovery of high-
femperature cuprafe superconductors,

while we have amassed a wealth of
experimental information using many
fechniques it is sobering to admit that we
still lack a convincing understanding of
why they are special and how to calculate
their superconducting temperature. A more
profound examination using techniques
pushed to new limits may not immediately
solve the mystery, but may nevertheless
stimulate the development of new methods
that are applicable throughout condensed
matter physics and may lead to the
discovery of more fascinating new materials.
One contribution of theory can be to help
fo put together pieces of the puzzle coming
from different measurements. Important
new dafa for the cuprates concerning the
occurrence of charge density waves are now
emerging, based on neutrons and Xrays and
including those generated in free electron
lasers combined with extreme conditions
such as the simultaneous application

of pulsed high magnetic fields [1]. We
need to undersfand their significance: are
they just interesting phenomena that are
competing with the superconductivity, or
do they provide vital clues as to the root
causes? s all the physics in the electronics
of copper oxide planes or should we focus
on inferactions in the third dimension?@
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Renewed interest in density waves in fact began with @
rather surprising discovery made a decade ago using
magnefotransport [2], when the transport coefficients

in strong magnetic fields of underdoped cuprate
superconductors were shown to display oscillations as

a function of an inverse applied magnetic field. This is

just like a weakly correlated metal with a regular Fermi
surface, where the frequencies are the extremal values of
cuts in the surface by planes perpendicular to the direction
of the applied magnetic field. The dominant oscillations,

Figure 1

a) The crystal structure of YBayCu3Og. 5 showing the double layers
of CuO, separated by chain layers. This gives rise to a band structure
that can be understood as that of weakly coupled bilayers. Just as an
electron propagating in a single layer with weak transverse coupling
would have a Fermi surface corresponding fo a corrugated cylinder,
the bilayer structure with stronger infra-bilayer coupling than the
three-dimensional dispersion gives rise to two concentric corrugated
cylinders, as shown in €). In ARPES there appear fo be only ‘Fermi
Arcs’, I.e. only one half of the expected cut of the cylinders, as shown
in'b). In our theory the strongest frequency corresponds to the difference
in areas F,, shaded in b).

expressed as a fraction of the first Brillouin zone (about
2 %), are, however, tiny compared with those expected
for the doped bilayer compound YBa,Cu,O, .,
show a pattern of three slightly split frequencies with the
central frequency greater than that of its two neighbouring
shoulders. From angularly resolved photoemission
spectroscopy (ARPES) experiments, features have emerged
that indicate the appearance of Fermi surfaces, but

they are peculiar in that they seem to be at most Fermi

and

‘arcs’ —one side only of complete closed pockets —but the
areas, if closed off, are sill much larger than the magnetic
oscillations would indicate. In the experimental literature,
it has generally been assumed that spin or charge density
waves reconstruct the Fermi surface and give the low
frequencies seen. In fact, there has since appeared more
and more direct evidence of charge density order from
both neutron and X-ray diffraction [ 1], and actually in

the high magnetic fields needed to measure magnetic
oscillations this order is of longer range than that in low
fields. There have been several attempts to understand

the observed oscillations in ferms of a very fine-grained
reconstruction of the Fermi surface via charge density
waves compatible with diffraction studies. The significance
of the charge density order is thus a new element under
hot debate.

We have come up with a new interpretation [3] which
we feel explains the experimental results and resolves
certain puzzles much better, in particular: why, for a whole
range of doping, do we see just three frequencies more

or less independent of doping, with a sfronger central
peak flanked by two weaker shoulders2 VWhy do the two
shoulders vary with the angle of the field orientation with
respect fo the copper oxide planes? We propose that the
three frequencies in fact correspond not to cross-sectional
areas of the Fermi surface but rather to 'beats’: differences
of higher frequencies coming from the dependence of the
conductivity on the products of oscillatory factors of density
of states and diffusivity. The numerical values of the central

Figure 2

Magnetic oscillation amplitudes as a
function of frequencies as calculated

for different Dingle temperatures, as
shown by the solid and dotted lines [3].
Inset) the calculated conductivity as a
function of inverse field.

peak F, = 550 Tesla determines the intra-planar coupling,
and the splitting 90 Tesla, the inferplanar dispersion. Of
course, it is natural to ask why such non-inear terms may
have amplitudes larger than the primary terms: the answer
lies in the dependence on temperature and inhomogeneity,
as our calculations indicate. Our theory very naturally
reproduces the doping-independent pattern of a central
frequency flanked by two weaker peaks, and in addition
the angular dependence of the observed peak can be
used fo predict a primary, truly cross-sectional, Fermi
surface area ot 1 650 T, which may have been seen but
whose existence is confested.

In conclusion, we have constructed a new theory for
magnetic oscillations in the cuprates that successfully
explains features of the experimental data and allows one
fo extract important parameters for the three-dimensionality
of the electrons. Whether the theory is complete, and
why the observed charge order does not lead fo exira
reconstruction, should lead to future exciting theory and
experiments. Whether the issues of three-dimensionality
and charge densities are inferesting but peripheral details
or are central to our future understanding of the ever
enigmatic hightemperature superconductors is, of course,
an open question.
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MODERNISATION PROGRAMMES AND TECHNICAL DEVELOPMENTS

he ILL has maintained ifs international leadership by constant

attention o ifs capacity for innovative engineering and the

construction of ever more powerful instrumentation. The Millennium
Programme is a fine example of this; it is now ending with the

commissioning of WASP, which will receive ifs first neutrons in 2018.

Millennium has been succeeded by Endurance, whose first phase
started in 2016.

The call for proposals for Endurance phase 2 was very successful. The
selection process carried out by the ILL and ifs partners has resulted

in a plan for Endurance 2 contained in four different packages to be
deployed between 2018 and 2023. Depending on the funding made
available, this new programme will ensure even better performance from
the instruments, enhancing the quality of research our users can produce

with our neutrons.

The Projects and Techniques Division is af the centre of all this activity.
lts operations are projectoriented and conducted in close liaison with
the Science Division, which is principally responsible for defermining the

scientific framework and the level of performance fo be achieved.

The performance gains expected from the new instruments will also call
for research and innovation in other technical fields, inc\uding simulation
techniques such as calculations and virtualisation, to improve the design
of the instruments and their environment. These additional projects—new
detectors and guides to be built as well as innovative dafa acquisition
and storage techniques—will ensure that the instruments set new

standards in their fields.

The level of experience acquired by the Projects and Techniques
Division has naturally led fo its participation in a number of European
projects and conferences with a view to both sharing and developing
its capacity, whether with regard to the development of new instruments
(detectors, guides, insfrumentation, electronics, and so on), datassharing
systems or a new reactfor fuel design. All this, from the perspective of

continuously renewing our capacity for collaboration.

The Division also has its part to play of course, on a daily basis, in
the routine running of a research focility, such as the maintenance
and renewal of the ILL's software applications or the renovation and

improvement of its buildings and infrasfructure.

The continuous improvement of the ILL's instrumentation is the force af the

heart of the Division’s activities.

Jéréme Estrade
Associate Director
Head of the Projects and Techniques Division
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Endurance:
the ILL instrument
upgrade programme

Over the last decades, neutron scattering
in Europe has seen a big step forward
both in capacity and capability. New
sources aside, progress has been
primarily fuelled by technological
improvements in neutron delivery and
neutron defection combined with
computer-aided instrument optimisation.
At the ILL this process has led to a series
of ambitious upgrades managed

under the Millennium and Endurance
Programmes. The Millennium M-O phase
saw 14 projects completed by 2009,
while the M-1 phase is entering its final
stage with the commissioning of WASP in
2018. In total, the Millennium Programme
has seen 26 new or upgraded instruments
with a financial volume (exclusive of
in-house staff costs) of ~ 80 M€ over

a period of 15 years. The return on this
investment, which is small on the scale
of the operational budget, is nevertheless
impressive, and as a result the ILL can
offer its users sfate-ofthe-art experimental
facilities. The constant high demand for
beamtime and concomitant high-quality
publication output demonstrates the
affractiveness of the services provided.
Modernisation of the ILL instrument suite
and support infrastructure continues
under the Endurance Programme.
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The first phase, Endurance 1, running from 2016 to 2018,
is well underway having benefited from an additional
confribution from the ILL's Associates of 4.5 M€ /year.
The new fission fragment spectrometer, FIPPS, was the
first instrument to begin commissioning and delivering
new science at the end of 2016. The new thermal
time-offlight (TOF) spectrometer, PANTHER, is
anficipated fo begin commissioning in 2019, along
with the new source of ultra-cold neutrons (UCN),
SuperSUN. The backbone of Endurance is the
'Chartreuse’ project, involving the renewal of the

H24 thermal neufron guide and the upgrade of the
D10+ single crystal diffractometer, the IN13* [CRC)
backscattering spectrometer and a new extreme
conditions powder and single crystal diffractometer,
XtremeD (CRG). Each instrument will benefit from a
dedicated end-of-guide position allowing for optimised
beam-shaping and monochromator optics. Importantly,
the new H24 guide will also leave potential for further
high-performance instrumentation. Due fo constraints
on the functioning of the ILL reactor during 2017

the ‘Chartreuse’ projects, H24, D10*, IN13* and
XtremeD, will now be delivered upon completion of
the H1-H2 in-pile guide renewal at the end of 2020.
A rollout of data treatment work packages as part of
the BASTILLE project sees the ILL join the multifacility
Manfid project, while the NESSE project is already
delivering new and upgraded sample environment
capabilities and support infrastructure.

The year 2017 saw the scope and strategy of a second
phase, Endurance?, begin to take shape. In December
2016 the ILL invited expressions of interest and proposals
for flagship instruments to exploit the full scientific potential
of the ILUs highlux reactor and to help define a coherent
scientific strategy and capabilities within the landscape
of existing and emerging neutron sources. Following an
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Endurance

Setting the pace

unprecedented response from the community, a dedicated
Instrument Subcommittee of neutron instrumentation experts
reviewed proposals for new and upgraded instruments in
order to advise the Scientific Council as fo the priorities
and strategy for Endurance?. During 2018 the final scope
and strategy of Endurance? will be presented to the ILL
Steering Committee with the aim of securing additional
funding and getting the go-ahead, thus allowing the ILL to
continue instrument and infrastruciure modernisation and
secure its leading role in neutron sciences well into the
2020s. Briefly, projects within the scope of Endurance?
are as follows:

Large-Scale Structures: Defector upgrades providing
greater area fo the SANS instruments D11 and D22 and
the cold diffractometer D16. An upgrade of the collimation
section of D11 is also proposed. A second LADI-B
protein crystallography station is envisaged, doubling
capacity and improving instrument resolution. In order to
fully exploit the Rainbows option on D17 and Figaro,
the purchase of a high spatial resolution, high-countrate
and large-area detector is envisaged when the technology
being developed at the ESS becomes available. It is

also anticipated that the ILL will engage in new activities
centred around neutron imaging with the provision of a
public neutron imaging instrument, IM2020.

Diffraction: The powder and single crystal diffractometers
D20 and D19, respectively, are to expect a replacement
of their ageing detectors. An upgrade fo the primary
spectrometer of the D7* diffuse scattering insfrument
promises gains of more than x10 in infensity. An upgrade
fo the polarised hotneutron diffractometer, D3, with a
position-sensitive detector and upgraded polarisation
components will allow for efficient measurement of
hydrogen-containing liquid samples.

Spectroscopy: The worldleading IN5* spectrometer
will be upgraded with a new high-performance,
elliptically focusing guide, while the full scope of the
new PANTHER thermal TOF spectrometer and the
new spinecho spectrometer WASP is expected fo

be achieved. The SHARP (CRG) TOF spectrometer
(formerly INO) will be upgraded by the CRG team with
a new large-area position-sensitive detector, while the
primary spectrometer will be renewed along the lines
of the RAMSES concept when relocated onto a newly
rebuilt H15 guide. Upgraded Silicon-311 analyser
options for IN16B are also being considered, while

the thermal TAS instrument IN20 should benéfit from
upgraded monochromators, polarisation equipment and
higherorder wavelength filtering using a velocity selector.
The MARMOT upgrade will add a multiplexed analysis
opfion fo the cold TAS spectrometer THALES.

Nuclear & Particle Physics: The new fissionfragment
spectrometer, FIPPS, begun under Endurance, should
see additional performance under the FIPPS2 project in
ferms of gammar-ray discrimination with the addition of
anti-Compton discrimination defectors and an additional
gasfilled-magnet mass spectrometer to directly measure
the mass of fission fragments.

Infrastructure: Two cold neutron guides, H15 and

H16 are expected to be renewed under Endurance?,
providing intense cold neutron beams fo the instruments
IN5*, SHARP, D7+ and D11 as well as providing
beam positions for potential further instrumentation. A
renovation of the thermal H23 guide may also allow for
further thermal instrumentation on either H23 or H24.
Thus, Endurance? also includes scope for infrastructure
requirements for future instrumentation. The sample
environment project NESSE and data treatment and
analysis project BASTILLE, begun under Endurance,
are expected fo continue through Endurance?2.

Once the programme is established, funding will be sought
from the ILl's Associates as well as through other channels.
Ideally Endurance? should be approved by the Steering
Committee by Autumn 2018 af the latest in order to begin
prompily in 2019, commensurate with the termination

of Endurance 1. The expected funding of Endurance?
should be of a level similar to that of Endurance 1, with

a dedicated contribution from the Associates and the

ILl's own budget over the five-year period 2019-2023.
French national funds and Grenoble regional funds, the
so-called CPER grant, are providing additional monies on
top of those requested from Associates. The CPER funds
are allowing us to inject additional resources and provide
a smooth interface between the first and second phase of
the Endurance Programme. On the recommendation of the
Instrument Subcommittee and Scientific Council, the CPER
funds have been allocated to permit full specification of
Endurance 1 projects such as PANTHER, advance some
Endurance? projects such as IN5*, FIPPS2, IN20 and
LADI-B and allow for early planning and design sfudies
for infrastructure such as H15 in advance of the official start
of Endurance?.
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FIPPS - the ILL’s new
nuclear physics instrument

What is the origin of heavy elements?
VWhat is the force keeping nucleons
fogether in the atomic nuclei@ To answer
questions like this we need nuclear
physics observables. The combination of
an intense pencilike neutron beam and
a high-sensitivity nuclear spectrometer can
reveal the properties of nuclei in many
different regions of the nuclear chart.
This is the principle underlying FIPPS, the
ILl's new nuclear physics instrument.

Figure 1
The FIPPS phase | spectrometer.
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There has been a host of infernational collaborations, using
many different fechniques, focusing on atomic nuclei. The
search for answers to fundamental questions in nuclear
theory and nuclear astrophysics has also led to practical
applications in the fields of nuclear wasfe and nuclear
medicine. At the ILL the nuclear physics instruments Lohengrin
and GAMS have been providing a wealth of nuclear
information for several decades, thanks to the extraordinary
resolutions available and the use of in-pile targets. The recent
EXILL campaign [ 1] demonstrated the unique advantages
provided by an efficient spectrometer on a neutron beam.

FIPPS is a Flssion Product Prompt-gamma-ray spectrometer
arising from this experience. It consists (in ifs first phase,
operational since December 2016) of a pencilike thermal
neufron beam and an array of HPGe clover detectors
mounted symmefrico”y around the target position (figure 1).
The detectors detect the yrays emitted by excited nuclei
produced by neutron-induced reactions with 2 keV energy
resolution at 1.3 MeV. The ‘add-back’ of Compton
scattered yrays in the different germanium crystals of the
same clover produces additional efficiency [compared with
traditional coaxial germanium detectors). We thus achieve
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Figure 2

Coincidence yray spectrum of the 2Tl nucleus, obtained at FIPPS affer
~ 40 minutes of beam on farget.

gains of up fo 55(6) % of statistics at 6.8 MeV (from yrays
measured for the *°Ti nucleus). The signals are processed
with digital electronics (CAEN V1724 cards, 100 MHz)
and the energy information is extracted by applying a
trapezoidal filter (moving window deconvolution] fo the
digital waveforms. This provides for high count rates

(~ 10 kHz per crystal) without any loss in defection.

The instrument is located on the H22 thermal neutron
guide. The beam from the guide (7 x 10° nem™s™,
diameter of about 2 cm) is collimated up fo the target
position. The 2.20 m collimation system consists of a
series of aperfures in nafural boron carbide. There are
thick (5 cm) lead absorbers at the exit of each aperture
fo reduce the neutron-induced gamma background. The
collimation system is installed in a round vacuum tube,
coated with 1 cm of borated plastics. The thermal
neutron flux at the farget position has been measured
at 108 nem™2s7!, 1 cm diameter.

The setup was commissioned in December 2016

and six different experiments took place during the first
experimental campaign, from December 2016 fo
January-March 2017. Over 30 users from 11 universities
and laboratories were involved. Fifteen different targets
were used fo study the sfructure of nuclei produced in
neufron-capiure reactions. The research focused on
different nuclear phenomena, and on the study of the
inferplay between collective and single-particle structures
in nuclei in particular.

The first experiment examined the structure of the 20Tl
nucleus after neutron-capture reactions, using a 2°°Tl

farget. This nucleus consists of 81 protons and 125
neutrons, one neutron and one proton outside the doubly
magic shell closure corresponding to the 2°°Pb nucleus.
This is an ideal fest for nuclear models using 2°¢Pb as a
core and the remaining valence particles determining the
observed structure as a consequence of the occupation
of the single particle orbitals outside the doubly-magic
core. As recent publications from the EXILL campaign

at the ILL have highlighted [2, 3], we can expect to
discover more complex structures arising when collective
states couple onfo single particle ones.

Figure 2 shows the first coincidence spectrum
for 206T| obtained at FIPPS, with the corresponding
transitions highlighted.

The next experimental campaigns will see new methods
being used (fast scintillators, for example). A casemate
has already been installed for dynamic confinement of
the atmosphere in the experimental zone for radioactive
and fissile fargets. VWe are planning experiments with
233235 fissile targets for 2018, including the testing and
use of fission event tags.

In a second phase of the project (planned to be
operational in four years| the y-ray defection system
will be coupled fo a fission fragment separator based
on gasfilled fechnology. This will significantly increase
the sensitivity of the spectrometer for fission studies,
making new investigations info the fission phenomenon
and the structure of neutron-rich nuclei on the r-process
nucleosynthesis path possible.

www.ill.eu

77



Search for sterile neutrinos:
the STEREO experiment

STEREO searches for oscillations of
reactor antineutrinos at very short baseline
from the ILL reactor core. A first phase of
datafaking (November 2016 to March
2017) has been successfully completed,
with results expected in 2018. STEREO
has been reinstalled after being
withdrawn for reactor maintenance and
resumed data-faking in Ocfober 2017

Borated
Lead Polyethylene
Muon Veto
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Soft Iron
N \
Gamma Target
catcher cell cell
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Oscillations between the three neutrino flavours, electron-
neutrino, muon-neutrino and fau-neutrino, of the standard
model of parficle physics have been observed by many
experiments. They can be explained by the mixing of
three neutrino mass eigenstates. One consequence is the
disappearance of about 10 % of the electron-antineutrinos
produced by beta decay of the fission products in a
nuclear reactor at about 1 km from the reactor core. This
has been measured with high precision by the experiments
Daya Bay (China), Double Chooz (France) and RENO
[South Korea) [1]. At distances below 100 m from reactors
the disappearance is negligible. However, a re-evaluation
of predicted spectra of reactorantineutrinos [2] and
subsequent analysis of experiments at such short baselines
[3] have revealed a deficit of about 6 % of detected
antineufrinos compared with what was predicted. This
unexpected deficit cannot be described by the standard
three-neutrino mixing, and is called 'Reactor Antineutrino
Anomaly' [3]. It might be explained by an oscillation to a
new neutrino species, called 'sterile neutrinos’, since they
do not participate in weak interactions.

The use of STEREO was proposed to confirm or refute

the sferile neutrino hypothesis. It requires searching for
neufrino oscillations at very short baseline. The ILL reactor
provides opfimum conditions for this research. The core

is very compact (it should be small compared with the
expected oscillation length) but provides sufficient power
for the experiment. The highly-enriched fuel allows for
direct comparison with the antineufrino spectrum predicted
for 2°U, whereas contributions from several fissile isofopes
superpose in power reactors. Finally, the location chosen
for STEREO, about 10 m from the reactor core, is protected
from cosmic background radiation by the transfer channel,
a large volume of water just above it.

Conversely, the extraction of neutron beams into the
reactor hall for scattering instruments creates challenging
background conditions for neutrino experiments, namely
a high flux of fast and thermal neutrons and capture
gammas. The STEREO collaborators have quantified

the background through a series of measurements and
have designed the shielding accordingly: the walls of
neighbour insfruments and casemates were reinforced
by 50 tonnes of lead and three fonnes of borated
polyethylene. The STEREO detector itself (Figure 1) is

Figure 1

Cut through of the STEREO detector. The target is split info six cells
along the propagation direction of the antineutrinos and surrounded
by four gamma cafcher cells.

Figure 3
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antineutrinos. The signako-background ratio being close to 1, STEREO needs to
measure roughly equal periods of reactorOFF and reactorON.

Figure 2

Preparation for the last metres of STEREO's journey to
its measuring position. The assembled detector and
shielding structure, in fotal about 90 tonnes, were
transported by air cushions.

shielded by another 60 tonnes of lead and six fonnes of
borated polyethylene. A twolayer shielding of soft iron
and mu-metal suppresses magnetic fields from neighbour
experiments and prevents a deterioration in STEREOQ
energy measurement.

STEREO detects electron-antineufrinos by inverse beta
decay in a Gd-loaded liquid scintillator: the antineufrino
and a proton from the hydrogen-rich scintillator convert
info a positron and a neutron. The positron carries almost
all the antineutrino's energy and is used for spectral
measurement. The neufron of a few keV kinefic energy is
moderated before its detection via capture, dominanily
on Gd. This delayed coincidence of neutron and positron
signal provides a specific signature used fo suppress
background from uncorrelated events. The STEREO farget
consists of two fonnes of Gd-loaded scintillator separated
info six cells along the propagation direction of the
antineutrinos. Comparing the spectra measured in the
different cells as a function of the distance to the reactor
core reduces sensitivity fo the predicted anfineutrino
spectrum. The farget is surrounded by two fonnes of
GdHree scintillator, the gamma-cafcher, which defects
gommas escaping from the target and thus improves
energy reconstruction. Aimospheric muons can creafe
high-energy neutrons by spallation in heavy materials
and are therefore a source of coincident background that
needs to be subtracted by measurements with the reactor
off. A water Cherenkov detector installed on top serves as
a muon veto, improving the signaHo-background ratio.

STEREO was designed and built by a collaboration
between CEAIRFU Saclay, LAPP Annecy, LPSC
Grenoble, MPIK Heidelberg and the ILL. The STEREO
structure, defector and shielding were assembled in

an area with crane access and moved by air cushions
fo the measuring position below the fransfer channel
(figure 2). STEREO is designed fo resist earthquakes,
is protected against fire and has been reviewed by
the French authority for nuclear safety, ASN. With the
strong support of several ILL teams STEREO became
operational in November 2016. STEREO took data
continuously until March 2017 over 1.5 reactor cycles
and including reactor shutdowns, which were essential
fo subfract the coincident background. Overall,
detector performance and background levels fulfilled
the requirements. Data analysis is ongoing (figure 3)
and we expect complete results for this first data set in
spring 2018.

In March 2017 STEREO had to be retracted temporarily
for reactor works. This time was used to repair some faulty
components in the defector. Since October 2017 STEREO
has been taking data again, with improved performance.
We are planning to collect statisfics for af least six reactor
cycles and shutdowns, which should allow us to confirm
or refute the sferile neutrino hypothesis.

www.ill.eu

0 L1 ‘ ]
0112 1512 2912 1201 26/01  09/02  23/02  09/03

79



GAMS6 - the world’s
highest resolution
gamma-ray spectrometer

The new double-crystal spectrometer
GAMSS was commissioned in 2017,
It offers world-leading energy-resolution
power at E/AE = 10°, outstanding
drift stability of about 10 nrad / day
and absolute energy measurement
capabilities with 10 meV accuracy.

Its first users performed experiments in
2017 on photon matter interaction,
nuclear structure physics and metrology.

Figure 1

The interior of the GAMS6 vacuum chamber, showing the optical angle
interferometers and the goniometer axes.
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Gamma-ray spectroscopy scienfists use defecfors that
absorb radiation and convert the energy released via
infernal quantum effects (band gap, opfical fransition) info
a discrefe number of events (conduction electrons, optical
photons). The conversion info a finite number of quantum
events induces statistical uncertainty, resulting in an infrinsic
limitation of energy resolution and dynamic range. An
altfernative approach fo gamma-ray spectroscopy relies on
the diffraction of gamma rays at perfect crystals. Knowing
the crystals’ laffice spacing and diffraction angle, we

can obtain the gamma rays’ wavelength and therefore
their energy. Dynamical diffraction theory predicts the
theorefical resolution of such crystal spectrometers as

being up fo three orders of magnitude superior fo that of
absorption spectrometers. There are other advantages: a
superior dynamic range (up fo two orders of magnitude)
and the possibility of selt-calibration. However, crystal
spectrometers require an extremely well-collimated beam
that reduces the solid angle and needs to be compensated
for by substantial source activities. Crysfal spectrometers
are therefore difficult to use in combination with other
defector systems. Both types of spectrometer are used at
the ILL: conventional absorption detectors grouped info two
arrays around a neutron or particle beams [PN1, FIPPS)
and ultrarhigh resolution crystal spectrometers pointing to a
target inside the ILL reactor.

The ILL has a long history of operating crystal
spectrometers. It started in the '70s with GAMS1-3,
bent-crystal spectrometers, which were lafer replaced

by the doubleflat crystal spectrometers GAMS4-5.

These insfruments were installed at the two exifs of the
H6/HY7 tangential beam tube, taking advantage of the
extraordinary neutron flux of 5 x 10 n s™ cm™ af the
in-pile target position. GAMS4 made it possible, for

the first time, to achieve resolution power close to the
theorefical prediction. This friggered the development

of new experimental techniques. Due fo the ultra-high
resolufion, it was possible fo deduce nuclear state lifetimes
and sfudy afomic motion by measuring Dopplerbroadened
gamma profiles. It also became possible to measure absolute
gammarray energies with 0.1 ppm accuracy. This enabled
the neutron mass to be determined to fen-figure accuracy
and Einsfein’s mass/energy equivalence principle to be
tested directly with unprecedented accuracy.

Crysfal spectrometers face the particular challenge of
measuring the diffraction angle. Sub-nanoradian angular
resolufion is required over a range of 30 degrees. This is
achieved using dedicated optical angle inferferometers.

Over the fen years of operation on GAMS4 and GAMSS5,
the spectrometers’ main limitations were the time drifts of
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these optical interferometers, obliging users to perform fast
scans or accept cerfain systematic errors. The drifts were
essentially due to the spectrometer being operated under
(albeit wellcontrolled) atmospheric conditions. As it was
not possible fo convert the old spectrometers to operate
under vacuum conditions, it was decided to develop

a complefely new instrument. The aim was to measure
gammarray energies with 10 ppb accuracy and gain an
order of magnitude in stability.

GAMSS now boasts many technological improvements.

The first step was to develop and fest a new interferometer
layout. GAMS4-5 operated with two independent
interferometers for each crystal, thus generating individual
drifts for each axis. By working under vacuum conditions
we were able fo develop a common interferometer layout
using the same opfical components to measure the angle
of both axes. This compensated for any drift in the opfical
components and allowed us fo monitor the vibrations and
stability of the interferometer itself. We reduced longerm
drift by replacing the chemical epoxy bonding by a

silica bonding technique, with all the optical components
linked 1o a block of uliralow expansion ceramics. New
electronics developed in-house recover the interferometer
signals and provide feedback control for positioning.

The next challenge was to protect the interferometer

and the goniomefer axes in the vacuum chamber from
vibration (from the vacuum pumps and other sources

of vibration in the reactfor). For stable operations the
spectrometer requires temperature variafions of less

than 10 mK/day; this implies the elimination of all heat
sources from the vacuum chamber (motors, light sources,
detectors, etc). We therefore designed a vacuum chamber
with the main interferometer table mechanically decoupled
from the vacuum chamber walls. The vacuum chamber

is positioned on a 2 m*wide air pad over a polished
granite block; the spectrometer can thus be manoeuvred
according to the diffraction angles. The entire system
weighs almost three fonnes and is suspended on air
cushions. Pressure in the cushions is actively controlled to
mainfain the orientation of the granite block independent
of the vacuum chamber position within 10 microradian
with respect to the H6,/H7 beam axis. The development,

Figure 2

Measured resolufion of GAMS6 at 1.1 MeV (nondispersive blue curve).
The red curve shows the insfrument operating in energy dispersive

mode and measuring Doppler-broadening due to thermal motion of the
emifting afoms.

mounfing and commissioning period fook over fen years
and was carried out in close collaboration with a number
of other institutions, including ltaly's and Germany’s
national metrology institutes INRIM and PTB.

GCAMSS was commissioned in late 2016 and received ifs
first users in March. The first experiments performed aimed
fo measure the refractive index of materials af gammar-ray
energies; these were followed by a first ever

campaign fo study mixed symmetry in the ocfupole
deformations and double octupole phonon excitations

of 144Nd. More recently, measurements have been
performed fo improve the current value of the neutron mass.
The results are particularly sensitive to systematic error and
remain stafistically limited, but the data are currently being
evaluated and publications being prepared.

GAMSG is now shut down for the exchange of the
H6,/H7 tangential beam tube, anficipated for 2019-20.
This gives us time fo make further improvements, inc\uding
work fo reduce the impact of mechanical vibration on the
measurement process.
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Measured drift of the instrument (error bars). These data result from an
experiment fo measure the neufron mass by periodically scanning the
deuterium gamma-ray fransition. No substantial drift can be defected
within the statistical uncertainty. A slight correlation with residual
temperature variation requires further investigation. The red line shows
the temperature drift of the instrument. The main temperature modulation
results from periodic filling of GAMS's Ge-detector.
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A record in backscattering
energy resolution —

first tests on IN16B

with the GaAs prototype

Since late 2013 we have been
developing a prototype neutron
backscattering spectrometer using

the GaAs 200 reflection o achieve

a significant increase in energy
resolution. We report here on the first
test measurements conducted on IN16B,
which have yielded an unprecedented
resolution of (/6.5 + 3.3) neV FWHM,
an order of magnitude narower

than the current standard.

Figure 1

GaAs prototype.

Top left: Monochromator, mounted on goniometers, with water cooling
circuit and power supply. Bottom left: Side view of an analyser segment,
with alignment mechanics and temperature control. Right: Analyser mounted
inside the spectrometer. (Photos: Markus Appel, Bernhard Frick)
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A backscattering spectrometer uses Bragg reflections of single
crystals fo determine the energy of the neufrons before and
affer scattering from the sample. Since the crystals are mounted
at a Bragg angle of 90° '‘backscattering’), the energy
resolution is in first order independent of the beam divergence
and—aside from the technical limitations discussed below —
limited by the Darwin width (Avr) = (16nN_F /72 of a
Bragg reflection with a reciprocal lattice vector . The Darwin
width is a material property and depends on the structure
factor F; of a Bragg reflection. VWe used the GaAs 200
reflection for the prototype, with (Ava) = 1.55 x 107,

an order of magnitude narrower than the current standard
[Si111), where (Ava)g, |, = 18.6 x 10°°. This makes it
possible fo gain a factor of fen in energy resolution.

To achieve this, several constraints need to be mediated.
For instance, in order fo avoid deformation of the crystals
inducing strain, the monochromator and analyser were
constructed using 4 x 4 mm? crystals; these need fo

be installed with a misalignment of less than 0.1°. In
addition, since thermal expansion changes the lattice
parameter and thus the reflected wavelength, the variation
in temperatures across the crystal area (10 m? for a fully
equipped spectrometer) has to be stabilised homogeneously
to less than 0.3 K. Moreover, since neutrons undergo

an energy change of 103 neV/m against the Earth’s
gravity, the energy acceptance of the crystals needs to be
odapted using a temperature gradient of 3.3 K/m along
the 3 m-high analyser. We therefore devised a technique
for manufacturing the crystal components, a support with
alignment mechanics and a temperature confrol system
fulfilling these requirements (figure 1).

Since the crysfals are the centrepiece of the instrument,

an extensive sfudy of the structural quality of commercially
available GaAs wafers was required. Over the last three
years we have investigated some 50 GaAs wafers with
different specifications using a two-crysfal backscattering fest
setup specifically built for this purpose on IN10. The average
two-crysfal convolved FWHM within this sample sysfem was
found to be 19.5 neV, only 50 % higher than the ideal crysfal
limit of 13.2 neV. We also measured variations of the lattice
parameter caused by the incorporation of dopant atoms
[boron and silicon) into the crystal structure during the growth
process. These amounted to up fo 107 in relative lattice
parameter variation—much larger than the Darwin width—but
we found that this effect can be tolerated if the concentrations
of both B and Si are limited fo less than 10'® cm™ . In the
profotype, any residual variations of the lattice parameter are
mediated by adapting the temperature of the crystals.

Figure 2
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To illustrate the potential of a GaAsbased spectrometer
we installed @ monochromator and an analyser in the
geometry of a user instrument, covering approximately

3 % of INT6B's crystal surface. The resolufion line width
of [76.5 + 3.3) neV FWHM (figure 2], measured under
usual instrument operating conditions, is a world record
for neutron backscattering [1], a factor of ten narrower
than the standard IN'T6B resolution of 750 neV FWHM
and a facfor of four narrower than the highest currently
available resolution of 300 neV FWHM [2].

To demonstrate the feasibility of inelastic neutron scaftering
experiments, we measured the hyperfine splitiing in cobalt
as a benchmark (figure 3). Compared with previous
measurements on INT6B in two Si 111 configurations,
we obtained a largely improved resolution but also
recognised a deterioration of the line width and height

of one of the inelastic peaks. We explain this by
temperature inhomogeneities caused by the mechanical
support of the monochromator.

During these first tests, temperature scans of the
monochromator were used to perform energy scans. The
accuracy of the measured energy fransfer is limited by the
precision fo which the temperature dependence of the
thermal expansion coefficient of GaAs is known. This could
explain the discrepancy in the position of the inelastic
peak at negative energy fransfer of 30 neV between

the GaAs measurements and data taken with INT6B's
Doppler drive in both Si 111 setups. In the next stage of
development, a monochromator using the Doppler drive
will be built, which should do away with this issue.

These first results provide proof of concept for the construction
of a fullscale user instrument using GaAs 200. We also
see potential for further improving the manufacturing
technique to enhance the energy resolution, and we will
continue development along these lines.

This work was supported by the German Federal Ministry
of Education and Research through grants 05K 13WET
and O5KT6WEA.
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Dynamics in
pressure-temperature
space by coupling
dielectric and neutron
spectroscopy: a new
experimental tool

Time-of-flight and

backscattering spectrometers

Temperature and density play a crucial
role in controlling the molecular motions
of liquids [1]. When supercooled liquids
approach the glass transition on cooling,
on the one hand density increases,
resulting in a more tightly packed structure;
on the other, thermal energy decreases,
frapping the molecules in the wells of the
pofential energy landscape. With the
general aim of fostering knowledge about
the dynamics of liquids and glasses, we
have designed and developed a novel
experimental setup to perform dielectric
and neutron spectroscopy simultaneously,
varying pressure and femperature. This
novel setup is a unique fool for studying
dynamics on different timescales, from
kilo- to picoseconds, covering universal
dynamic features such as reloxation

and fast vibrations at the same time.

Figure 1

Exploded-view technical drawing of the high-pressure cell for simultaneous
dielectric and neutron spectroscopy measurements (dimensions in mm).
Top left: Crosssectional view of the assembled cell.
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We have developed a high-pressure cell for a temperature
range of approximately 2-320 K and a maximum
pressure of 500 MPa, which is 5 000 times atmospheric
pressure. By performing simultaneous dielectric and neutron
spectroscopy measurements, we are able fo monitor slow
and fast dynamics under exactly the same conditions,
precluding potential unwanted external effects associated

0 Inner Electrode

e Outer Electrode
e Sample
0.15 mm
e High pressure vessel
B
3
3
0.15 mm

Figure 2

Schematic cross-sectional top view (orthogonal to the plane
of the incident neufron wave| of the sample geometry for the
high-pressure dielectricsneutron cell. Dimensions are not fo
scale for the sake of clarity.

with different environments. Simulianeous measurements
are especially important when a sample is not stable

due, for instance, to physical or chemical processes. This
setup can be used on different neutron spectrometers in
order to explore different energy transfers and energy
resolutions, thus accessing a wide spectrum of fime scales
across a broad range of tfemperatures and pressures. We
demonstrated the successful performance of the cell by
simultaneously collecting dielectric and neutron data on the
spectrometers IN5, IN6 and INT6B. Energy resolution on
IN5 and ING corresponds to ~ 10 picoseconds, while on
INTOB it corresponds to ~ 1 nanosecond. The dielectric
setup covers dynamics from kilo- to microseconds.

One advantage of coupling dielectric spectroscopy

and incoherent neutron scattering is that the optimal cell
geometry is identical for both methods. The area should be
as large as possible and the thickness of the sample should
be small. For a capacitor, the dielectric signal scales with
the height of the capacitor and is inversely proportional

fo the distance between the electrodes. For incoherent
quasielastic neufron scattering, the sample thickness must
remain small in order to minimise multiple scattering effects,
while a large sample area enhances the signal. This high-
pressure dielectricneutron cell is presented in the exploded-
view drawing in figure 1[2]. We used the aluminium
alloy EN AW-7049AT6 for constructing both the high-
pressure confainer and the electrodes of the capacitor,
after the performance of defailed stress calculations by the
Service for Advanced Neutron Environment (SANE) at the
ILL and material tests on IN6, IN13 and INT6B.

Figure 2 shows a schematic representation of the
sample geometry illustrating the location of electrode-
electrode and cellelectrode sample volumes. To perform
the experiments, we connected the cell to a neutron
sample stick specially optimised for these high pressure
and dielectric measurements. The stick was designed

Figure 3
Picture of the assembled cell seen from the bottom. It shows the

cadmium shielding and the connection point where coaxial cables
plug the electronics into the dielectric capacitor.

and developed by SANE [3]. The sample stick drives

a pressureransmitting liquid from the compressor to the
sample through a heated capillary, avoiding freezing of
the pressure-liquid at the cold point of the cryostat, and
brings two coaxial cables that are connected through the
plug fo the capacitor. We integrated our Matlab-based
dielectric software info the NOMAD insfrument control
software in order to synchronise the processes of neutron
and dielectric data collection as well as temperature and
pressure control.

The relaxation probed with dielectric spectroscopy is
extremely sensitive to pressure and/or temperature changes
and a dielectric spectrum can be acquired in a minufe.

It acts like an internal probe to define the thermodynamic
state of the system precisely. This new experimental setup
can provide information on, for exomp\e, whether the
sample is in thermal equilibrium or if pressure is transmitted
properly fo the sample, which is particularly important
when the liquid approaches the glassy state either by
cooling or compression. This aspect is critical for viscous
liquids, in which the characteristic time of relaxation often
changes with an order of magnitude in response to small
changes in temperature and/or pressure. In the search for
new physics, we have successfully employed this setup to
explore the phase diagram of simple van de Waals liquids
in an unprecedented range of timescales. Our results agree
with the predictions of isomorph theory, and allowed

the phase diagram to be reduced to a single variable in
which fast and slow relaxations are controlled by a single
thermodynamic parometer [4].

This project was made possible under the ILL longTerm
Proposal LTP-6-7. For future collaborations or for more
information on the availability of the setup, please
contact Henriette VWase Hansen (hansenhw@ill.fr),
currently a postdoctoral researcher at the ILL, or Kristine

Niss (kniss@ruc.dk).
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Low gas pressure
operation to improve
Multi-Grid detectors

The neutron detector service (SDN, ILL)

Multi-Grid detectors have shown great
potential to replace Helium-3-based
detectors [1, 2]. However, a limitation of
this technique, particularly for time-oHlight
instruments, comes from the mechanical
constraint on the defector vessel in a
vacuum environment. Filling the defector
at low pressure, typically 50 mbar,
drastically reduces this constraint; it also
helps to improve defector performance
by increasing the counting rafe capability
and reducing the gamma sensitivity.
Future instruments will derive considerable
benefit from this new operating mode,

as well as from the large grid currently in

development under the BrighinESS project.

Figure 1

Picture of a standard grid with 4* 17 rows of cells; the grid described in this

paper has 4*15 rows.
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Multi-Grid detectors are made up of one or several
columns of grids mounted in a gas vessel; each grid

is composed of thin aluminium blades coated on both
sides with a '%Brisotope-enriched B,C thin film to convert
neutrons into ionising particles. The standard grid used

in several of our prototypes contains 60 cells of

2 cmx 2 cm x 1 cm (figure 1), hence one column

of n grids is equivalent to 60 proportional counter tubes
segmented in n independent voxels. Anode wires are
mounted in the middle of these tubes. Cathode grids and
anode wires are connectfed fo the frontend electronics via
high-voltage decoupling capacitors; the analogue signals
are processed to determine the voxel of interaction. Three
grids are fired on average for each event, hence, the
following algorithm can be used to optimise the position
measurement along the wires: the first active channel
corresponding fo grid N is virtually divided info two equal
parts—the bottom half-grid N- and the top half-grid N+—
then the pulse heights from the two neighbouring grids
[N-1) and (N+1) are compared. The neutron is localised
in N- if the pulse height on grid (N-1) is larger than on
grid [N+1), or in N+ in the opposite case. This algorithm
is relatively simple to implement in ILL standard data
acquisition systems.

One of the prototypes, called MG 12, contains a unique
column of 12 standard grids mounted in a vacuumHight
vessel. This detector was filled with different values of gas
pressure ArCO,, [90:10), from 50 mbar to 1 bar, and
the ‘Counting versus Anode Voltage’ curve measured in
each case. The resulting curves were constant between
50 and 200 mbar, indicating that the detector is

Figure 2

Inside view of the MG_ING prototype. Standard grids are on the left,
new grids on the right.

insensifive to slight changes in pressure when operated
in this pressure regime. The MG 12 detector, filled with
50 mbar of gas, was also exposed to a neutron beam
of 50 KHz/cm? for 15 hours, and showed less than
0.15 % variation in the counting rafe.

Another profotype, called MG_ING [3], is separated
info two sectors mounted side by side, each of them
occupying the same sensitive volume. One sector is
made up of three columns of 16 standard grids, the
other, one single column of 16 large grids (figure 2).
These large grids contain 384 detection cells. A
significant gain in defection efficiency is expected from
this new grid: first, there is no dead space in the whole
sector; second, the reduced dimension of the cell allows
an increase in the number of convertor layers in the
depth direction (48 instead of 30); and finally, the radial
blades that are not B,C-coated in the standard design,
are now coated. Another advantage of the new grid
comes from its cylindrical geometry, which provides
better response uniformity.

Since the MG_IN6 detector cannot stand more than

50 mbar of pressure difference between the inside and
outside of its vessel, the defection gas must be at 1 bar
when used in an atmospheric environment. This was

the case for the fest af the LLB on the G4.3 instrument
equipped with a graphite monochromator. The infrinsic
detection efficiency was measured for a monochromatic
narrow (3 mm x 3 mm) beam centred in the middle of
the cells. Defection efficiency at 2.8 Ais 56 % +-3 %
for the standard grid, and 66 % + -3 % for the new one.
Experimental data have been corrected to take the A/2
and A/ 3 harmonics into account. This gain with the new
grids comes only from the higher number of convertor
layers. A further gain in detection efficiency is provided
by the radial blades and the absence of dead zones. This
is shown by comparing the counting rafe measured in the
fwo sectors with a large beam of 100 mm x 100 mm:

at 2.8 A the sector with the new grids counts 45 % more
than the sector with the standard grids (figure 3).

Figure 3

Defector counting rate measured during irradiation of standard grids
(beam position < O mm] and new grids (> = O mm) while scanning
the detector with a beam of 100 mm x 100 mm in the direction
perpendicular o the anodes.

Figure 4

Position measurement along the wires while scanning the detector
with a beam of 3 mm x 3 mm in the direction parallel to the anodes.
The middle of the grids are represented by red crosses. The dark line
represents the ideal response of the detector.

The MG_IN6 was then moved in the direction parallel to
the wires in front of the narrow beam of 3 mm x 3 mm;
figure 4 shows the average value of the measured
position as a function of the real position, showing a
maximum deviation from the real position of only T mm.

In conclusion, the imp|emem0tion of |orge grids ina
reasonably light-pressure vessel filled at low gas pressure
is optimal for operating the detector in a vacuum
environment. The next step is to equip the MG_IN6
profotype with large grids only, and to test it with 50 mbar
of detection gas in a vacuum environment using a gas
flow monitoring system.

This work has been financed by the EU BrightnESS project,
an H2020 grant agreement 676548. We would like fo
thank the people at the LLB for their support in the test of
the MG_ING prototype.
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NOMAD 3D -
seeing through walls

The progress being made in 3D graphics
and the soaring levels of computational
power on even small portable devices
have generated great possibilities

in the field of instrument confrol. The
superposition of data or synthesised
imagery on realworld modelling has
been providing benefits in fields as
diverse as video gaming, medical
applications and military technology.
We will show in the following how
virtualisation and augmented reality have
been applied to scientific instrument
control at the ILL in Grenoble.

Figure 1

Screenshot of the Editor. The front wall is selected and appears fransparent.
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From SolidWorks to Nomad 3D

Most of the ILUs recent instruments were designed using
SolidWorks [1]. The design plans are extremely detailed,
including every component of the instrument down fo the
smallest screw. Therefore the associated files can be extremely
large. The model produced presents a scaled view of the
different instruments, as the real parts are to be built from it.
Nomad [2] is the software used to control the instruments.

It moves the motors at the user’s request and monitors the
position of the axes by reading the associated encoder.

The goal of our project is to transform the SolidVWorks

model info an animated 3D one loaded onfo a dedicated
viewer application. No major assumptions have been made
as regards the clientcomputer specifications; the viewer
application will therefore have to be scalable and capable of
disp|0\/ing different degrees of defail. The Instrument Control
Service has developed a set of applications to achieve this.

The first application is a SolidWorks plugin, which converts
the geometric parts into a set of triangles. The Converter
plugin is written in C#; it preserves the SolidVWorks hierarchy
and geometries and loads information from the constraints
and configurations. The APl provides full access to the model
data and offers a native function fo convert the geometries
info _sfl files [3] containing a set of friangles. At this point a
first step is taken fo simplify the model's geometries with an
Exporter plugin. This configures the export with a threshold to
eliminate minor parts, such as screws, which we do not need
in our final visualisation.

The second sfep in the conversion uses a Blender script

[4] to transform the stl files and clean up the geometries

[poor triangle orientation, double vertices, etc.). The Blender
script can also generate different levels of detail [5] for the
geometries. In addition fo the cleaned-up exported geometries,
we also generate decimated geometries with different levels of
detail. This is useful for the scalability of the viewer application
as the number of friangles is reduced accordingly.

Whilst the Exporter and Converter applications reduce and
reorganise the SolidWorks model data, the Editor application
adds information that cannot be obtained automatically. It is
principally used to define the axes and their type (e.g. rotation,
translation), and to set the walls around the instrument for
collision detection. The Editor is written in JavaFX [6]; it
provides a 3D view of the model and a free view of the
hierarchy of components. Figure 1 shows the Editor screen
with an overall view of the FIGARO reflectometer. We

decided fo use a 3D engine based on WebGlL [6] for
the viewer application; this offers the best compromise
currently available between performance and portability
for different platforms. Figure 2 shows a virtual view

of FIGARO with all the surrounding structures rendered
fransparent. The viewer application asks Nomad for the
posifions of the axes at each frame, thus enabling realtime
animation of the model.

Augmented reclity in instrument control

By providing users with virtual access fo instruments and
the environments in which the instruments operate, the ILL
offers users the possibility of simulating entire experiments.
Users can now verify, before their arrival af the Insfitute,
the feasibility of their experimental programmes. By
performing the experiment virtually they can detect, for
example, any possible collisions with walls or surrounding
materials. By changing the physical parameters of an
instrument or its environment in virtual space they can
visualise the consequences in real space. The possibility
of incorporating real data in simulations will help users
determine the measurement strafegy.

Figure 3 shows the vExp prototype, an application
developed in collaboration with the ILL's Spectroscopy
group, for exploring virtual space without losing sight of the
real one. We have also developed an augmented-reality

Figure 2

Virtual view of the Figaro reflectometer. The walls and other unnecessary
structures have been rendered transparent.

Figure 3

Screenshot of the vExp application profotype.
It provides a 3D view of virtual space.

Android application for mobile devices such as tablets;
this is designed essentially for instrument maintenance.
The application identifies and displays all the available
parameters of the electronics boards and can help
configure the instrument. The software recognises where
the user is located by reading the information stored on
dedicated nearfield communication tags. A recognition
algorithm uses the image taken with the tablet’s on-board
camera fo exfract relevant information from the electronic
crates and displays important seffings and configuration
parameters. In the near future we will be able to add
invisible elements such as the neutron beam to the redl
view, making rough pre-alignments of the sample possible.

The development work performed over the last year

has shown that the next generation of instrument control
software, with user experience at ifs heart, is on the point
of arrival. Nomad 3D is a powerful mix of mechanics,
computerassisted design and 3D graphics, proving

that the future of instrument control will depend on
cross-disciplinary innovation. Advanced instrument
simulation fechniques and realtime collision defection will
help both the ILL and its users fo fineune measurement
strafegies and optimise space use. And, last but not
least, we can now anticipate the integration of virtual
reality devices such as Oculus Rift for a complete
immersion experience.
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The ILL provides industrial users with
access to state-ofthe-art neutron
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NDUSTRIAL ACTIVITIES

Industrial activities at the ILL

he year 2017 saw the consolidation of several key
Tpro‘ects involving the Industrial Liaison Unit (ILU). These

included IRT Nanoelec and SINE2020 Industry
Consultancy, the first industrial and academic imaging
experiments on the D50 tomograph extension in collaboration
with Université Grenoble Alpes and the redefinition of the
ILLs stress-scanning instrument SALSA for wider industrial use.
At the same time, strong propriefary beamtime sales and the
inclusion of industrial implications in proposals for experiments
underline the ILUs relevance to applied research and
development in numerous domains, such as health science,

renewable energies and advanced materials.

The second phase of the IRT Nanoelec (2015-2017)
project came to fruition in 2017 following final
technical finetunings to D50's reflectometry/iradiation
setup, thus paving the way for full operation of the ILUs
industrial instrument. Companies such as Airbus, SdH,
SwissNeutronics and lrotech have already been

involved in successful proof-of-concept tests on D50.

A major achievement obtained within IRT Nanoelec

was the operational launch of the Platform for Advanced
Characterisation — GRENOBLE (PAC-G), a joint venture
between the ILL, ESRF, CEA and CNRS/LPSC to provide
innovative characterisation services to indusiry. A business
developer has been recruited to the ILU on a 24-month
contract, with the task of bridgmg the gap between IRT
PAC-G and the nano- and micro-electronics industry and

consolidating a competitive and relevant service offer.

Also, as far as D50 is concerned, the NeXT [Neutron
and X-ray Tomography) collaboration with Université
Grenoble Alpes (UGA) (https:/ /next-grenoble.fr/)
reached ifs first milestone with academic and industrial
use of its newly operational medium-resolution neutron
imaging stafion. Financed by the UGA with industrial
backing from Total and EDF, this instrument, implanted in
the bespoke extension to the D50 casemate, is currently
undergoing technical upgrades to achieve the final goal
of high resolution bi-modal neutron and x-ray tomography

capable of simultaneous and rapid x and n imaging.

The ILl's management fook the decision to devote 50 %
beamtime of the siress-scanning instrument SALSA directly
to industrialrelated activities. In order to develop this new
orientafion (including the definition of a business strategy
blueprint for the next 3—5 years) and fully operate the
instrument, a second beamline scientist was appointed

in April 2017 Following this, an intense period of

oufreach activity has resulted in the activation of more
than 20 company links with the objective of establishing
medium- and longferm industrial collaborations as well
as direct propriefary access, and the organisation of the
workshop ‘Challenges in oddifive manufacturing industrial
qualification: key solutions at large scale infrastructures” in
Grenoble on 9-10 April 2018.

The ILL plays a key role in the Indusiry Consultancy work
package (WP4) of the European Union’s Horizon SINE2020
programme, aimed at strengthening cooperation between
European Industry and neutron research facilifies through a
campaign of networking and communication. In practice,
more than 20 outreach events have been organised/
aftended, culminating in a major industry event planned

for 2018 www.synergi2018.eu. A growing repository
of industrial case studies can be consulted on its website,
www.sine2020.eu/industry /case-studies.html,
and so far, four free industrial feasibility fests have been

carried out at the ILL.

Towards the end of 2017, the ILL, CEA and ESRF
coorganised a local workshop on modem Li-ion battery
developments with the objective of creating a forum for
dialogue between battery researchers and instrument
scientists. More than 100, mainly locally-based scientists
attended and follow-up activities such as laboratory
visits, newsletters and a series of seminars are planned to

promote this promising collaboration.

With regard to beamtime sales, revenue from this and
other ILU activities during the last cycle in 2016 and
the first cycle in 2017 amounted to 96 908 €, thus

continuing the upward frend in sales since 2014.

Recent studies by the ILU have revealed the true extent

of industrial involvement in ILL academic experiments.

A systematic analysis of proposals from 2012 to 2014
showed that 25 % had either direct or indirect industrial /
commercial applications; it has been estimated that this
figure is around at least 15 % for 2016 and the first cycle
in 2017. New directives to users requiring complementary
information on industrial applications on their proposal
forms have been put into place, in order to obtain a more

accurate and ‘real fime' overview of this important indicator.

Lastly, a strategic decision was taken by the ILL management
to infegrate the ILU into the Science Division. This reflects the
close working relationship between the ILU and scientists at

the ILL, and will give further impetus to this vital synergy.
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EXPERIMENTAL
AND USER
PROGRAMME

N

User programme

PROPOSAL SUBMISSION

There are different ways of submitting a proposal to the ILL:
e Standard submission—twice a year—via the User Club

e longTerm Proposals (LTPs|]—once a year, autumn round—
via the User Club

e FEasy access systfem [EASY)—throughout the year—via
the User Club

e Test time (TEST)—throughout the year—via the
instrument responsible

¢ Director's Discrefionary Time (DDT)—throughout the year—
via the Head of Science Division

e Special access for proprietary research and industrial users

All types of access [except DDT) are reserved for users from ILL
member countries or for collaboration between non-member and
member teams.

Detailed information can be found at http://www.ill.eu/
users/applying-for-beamtime /.

Submission of a standard research proposal

Proposals can be submitted to the ILL twice a year, usually in February
and September, via the User Club. Submitted proposals are divided
amongst the different colleges (see box below] according fo their main
subject area.

THE ILL SCIENTIFIC LIFE IS
ORGANISED INTO 10 COLLEGES:

College 1 Applied Metallurgy, Instrumentation and Techniques
College 2 Theory

College 3  Nuclear and Particle Physics

College 4  Magnetic Excitations

College 5A Crysiallography

College 5B Magnetic Structures

College 6  Structure and Dynamics of Liquids and Glasses
College 7 Spectroscopy in Solid-state Physics and Chemistry
College 8  Structure and Dynamics of Biological Systems

College 9  Structure and Dynamics of Soft Condensed Matter

Proposals are judged by peer review panels, one for each college,
which usually meet eight weeks dfter the deadline and evaluate the
proposals purely on scientific excellence.

EXPERIMENTAL AND USER PROGRAMME

Easy access system - EASY

The EASY route has been used to grant limited beamtime on

the diffractometer D2B to scientfists from ILL member countries

for short measurements af room femperature. In 2018, EASY

access will be extended to all instruments, except those in the
NPP group, with an increased range of sample environments.
Access is open all year round. Users are not invited to the ILL

buf send their samples fo us.

Long-term proposals

The purpose of a longTerm Proposal is fo facilitate the
development of instrumentation, techniques or software—
that could be beneficial to the ILL community as a whole—
through the award of beamfime over several cycles
(typically three years). Projects are monitored through
compulsory annual reports. A final report is also required
at the end of each project.

Submission of a proposal to the Director’s
Discretionary Time

Five per cent of ILL beamtime is reserved for proposals outside
the twice-yearly proposal rounds. Primarily these concern urgent
experiments. Proposals can be submitted at any time, and

will be reviewed by the panel concerned and the ILL Science
Director. If successful, beamtime will be awarded quickly. DDT
may also be used to award beamtime 1o excellent proposals
from non-member countries. These proposals must go through
the usual proposal rounds so that the level of excellence can be
compared against that of other proposals.

Experimental reports

Users must complete an experimental report on the outcome of
their experiments. Failure to do so may lead fo the rejection of
any subsequent continuation proposals.

www.ill.eu
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INDUSTRY-SPONSORED ACADEMIC RESEARCH
AND INDUSTRIAL USERS

Neutrons have significant, specific applications for industry.
Beamtime can be sold directly for propriefary research, in
which case the experimental data are not made publicly
available. The Industry Liaison Unit (ILU) is the single point of
confact for industry looking to use the ILL's facilities (see p. 91).

However, industry use of the ILL often fakes place via
academia, at a level between 10 and 25 % depending on
how this is evaluated. The data from these experiments are
publicly available and the results should be published. The ILL
now measures the number and nature of indusiry-via-academia
experiments more precisely, with a view fo promoting and
potentially enhancing this use of neutrons in the future.

COLLABORATIVE RESEARCH GROUP
INSTRUMENTS

The ILL provides a framework in which Collaborative Research
Groups (CRGs) can build and manage instruments at the ILL
fo carry out their own research programmes. These groups
enjoy exclusive access fo the insfrument for at least half of the
beamtime available. They provide their own scientific and
fechnical support, and cover the general operating costs of
the insfruments. The beamtime reserved for the ILL is made
accessible fo users via the standard proposal rounds.

There are currently three different categories of CRG instruments:

e CRG-A: external groups lease an instrument owned by the
ILL, having 50 % of the beamtime at their disposal.

e CRG-B: groups own their instrument and refain 70 % of
the available beamfime.

e CRG-C: instruments are used full time for specific research
programmes by the external group, which has exclusive
use of the beam.

User and beamtime statistics

THE ILL USER COMMUNITY

The ILL welcomed 721 users in 2017, including 207 from
France, 123 from Germany and 101 from the UK (figure 1).
Many of our visitors were received more than once (making a
total of Q42 user visits).

We value feedback from our users as an indicator of how well
our facility is fulfilling their needs and fo initiate action when
this is not the case (figure 2). Users who have just finished
an experiment are asked to complete a User Satisfaction
Form. User feedback is made available to managers for action
when appropriate.

Figure 2: User satisfaction survey results for 2017 compared with those
obtained in previous years. User feedback rate was around 65 % in 2017.

Technical assistance
Sample environment
Instrument control software
Data reduction/analysis
User support

Accommodation and food

Figure 1: National doffiliation of ILL users in 2017.

Belgium 5
Czech Republic 3
Denmark 13

Austria 10 /

;

Switzerland 35 — /

Italy 53

Others 91

United
Kingdom
101

Sweden 44
Spain 20

Slovakia 1
Poland 15

Germany 123

User satisfaction in 2011 (%)
User satisfaction in 2012 (%)
User satisfaction in 2013 (%)
User satisfaction in 2014 (%)
User satisfaction in 2015 (%)
User satisfaction in 2016 (%)
User satisfaction in 2017 (%)
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France 207

INSTRUMENTS

The instrument faciliies at the ILL are shown in the plan
on p. 99. Besides the 27 ILL instruments there are 10
Collaborative Research Group [CRG) instruments.

All current CRGs are A- or Btype, the only exception being
GRANIT which as a CRG-C instrument is not available as a
‘user” instrument. IN'15 has special status since it is a joint
venture between the ILL and FZ Jilich. The instrument STEREO
is jointly funded by the ILL and CEA Saclay, LAPP Annecy,
LPSC Grenoble and MPIK Heidelberg.

BEAMTIME ALLOCATION AND
UTILISATION FOR 2017

During 2017 the reactor was anficipated to operate for 3 cycles,
representing 158 days of neufrons. The allocation of beamtime
during November 2016 and April 2017 was made on the
basis described in table 2 (see p. 97, first three columns).

Overdll, the panel meetings examined 1 017 proposals
requesting 7 010 days in 2017. Of these, 609 proposals
received beamtime requiring the allocation of 3 199 days of
beamtime on the different instruments. Since some proposals
are for more than one experiment, a fotal of 656 experiments
were approved for scheduling in 2017. The distribution of
accepted proposals amongst the different research areas and
colleges is given in figure 3.

However, the ILL was not able o run two of the originally
planned three cycles (see § Reactor Operation, p.102). This
meant that only 48 days were actually available on most
instruments (table 2). Consequently, all of them accumulated
a backlog, 1o be cleared by the allocation of additional time
scheduled during the first two cycles of 2018.

Please note that access to PN3 was not offered via the
subcommittees; because a considerable backlog had taken
up most of the available beamtime on this instrument, the
remaining time was used inTemoHy (before the instrument's
three-year shutdown).

Figure 3: Beamfime allocation in 2017 distribution amongst the different
research areas (@) and colleges (b).

a)

Soft Condensed Matter Biology 9 %

4%

Nuclear Chemistry 12 %

Physics
5%
Engineering 2 %

aterials 20 %

Physics 36 %
ethods 1 %

Other T %

In 2017, the member countries of the ILL were as follows:
France, Germany, UK, Austria, Belgium, the Czech
Republic, Denmark, ltaly, Poland, Slovakia, Spain,
Sweden and Switzerland.

Table 1 (see p. 96) gives the beamtime distribution amongst

the different member countries (for beamtime scheduled in
2017). In calculating the stafistics of beamtime per country,
the attribution is based on the location of the laboratory of
the proposers, not their individual nationality. For a proposal
involving laboratories from more than one member country,

the total number of days is divided amongst the collaborating

countries and weighted by the number of people from each.
Local confacts are not counted as proposers, except when
they are members of the research team. The beamfime
requested by and allocated to scientists from the ILL, ESRF or
EMBL is allocated to the member countries according to a
weighting system based on the fractional membership of the
country of the institute concerned. VWhen a proposal involves
collaboration with a non-member country, the allocated time
is affributed entirely fo the colloborating member country (or
counfries). Proposals in which all proposers are from non-
member countries therefore do not appear in this table. This
explains why the total number of allocated days can differ
from that in table 2.

A more complefe view of beamtime use is given in table 2.

Requests for and allocation of beamtime, as well as the
number of originally planned experiments, refer to standard
submissions fo the subcommittee meetings. The effective
number of days given fo our users also takes info account

Director's Discretion Time and CRG time for CRG instruments.

b)
College 1
Coll 9 7 %
OZT%Z ) Cogege 3
]
College 8
1%
College 7
6%

College 6
5%
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Table 1: Disfribution amongst the Associate and Scientific Member countries of beamtime requested and allocated in 2017
during the subcommitiees of the Scientific Council. Proposals from purely non-member countries and purely ESRF proposals

do not appear in this table, and therefore the total request and allocation is different in table 2.

| Request days | Request % | Allocation days | Allocation% | Allocation days | Allocation %
Member countries only Before national balance After national balance
AT 127.43 1.82 100.88 3.11 100.99 3.16
BE 27.02 0.39 19.17 0.59 19.22 0.60
CH 441 .30 6.30 209.14 6.45 132.44 414
(ov4 61.07 0.87 43.82 1.35 43.87 1.37
DE 1 764.03 2517 /37.94 22.76 740.95 23.16
DK 82.51 1.18 40.26 1.24 40.33 1.26
ES 308.18 4.40 127.19 3.92 127.40 3.98
FR 1 830.16 26.12 828.54 25.55 842.83 26.35
GB 1 452.99 20.74 678.10 20.91 697.94 21.82
IT 400.86 572 205.84 6.35 192.96 6.03
PL 145.71 2.08 104.34 3.22 104.39 3.26
SE 352.94 5.04 140.51 4.33 148.39 4.64
SK 13.10 0.19 7.21 0.22 /.23 0.23
Total 7 007.30 100.00 324294 100.00 3198.94 100.00

INSTRUMENT PERFORMANCE

Table 2 also gives a summary of instrument performance for
2017. For each cycle a record is kept of the use of the tofal
available beamtime for all the instruments. The table gives a
global summary for the year.

Overall 1 295 days were made available o our users in various reasons.

2017 on ILL and CRG insfruments, which represents about

Beam days given fo science in 2017 amounted to
1 448 (used for users and internal research), which
is the correct figure for a single cycle.

The majority of instruments lost only a few days, for

Table 2: Beamtime request/allocation (via standard subcommittees and Director Discretion Time — DDT combined) by insfrument and insfrument performance.

CRG instruments are in blue.

* ‘days allocated" refers only to those days reviewed by the subcommitiees |i.e. excluding CRG days and DDT)
**'days used" refers to the total number of days given fo users (i.e. including CRG days for CRGs and DDT)

PF2 consists of different setups where several experiments are running simulianeously. The values given are averages for these positions.

D4 and INT share the same beam port and cannot be run simultaneously.

72 % of the total days of operation. A total of 153 days
was used by ILL scienfists to carry out their own scientific

IN20 lost about 40 days because of broken sensors

and mechanics that drive the monochromator shielding.

The repair necessitated a complete dismantling of the

research. About 12 % of the total beamtime available

on the ILL instruments was allowed for tests, calibrations,
scheduhng f|e><ibi|ify, recuperation from minor breakdowns
and student fraining. A signiﬁcont fraction of this time and the
8.5 % internal research is used for collaboration with users.
In 2017, 136 out of 1 792 days were lost as a result of
various malfunctions, which represents about 7 % of the fotal
available beamtime. This higher than usual value was due to
maijor problems on two instruments (explained below).

monochromator drum. The instrument was back in
operation at the end of the cycle.

PNT lost an entire cycle because the main vacuum
valve could not be opened. Making the repair, which
required beam-ube venting, was only possible during
the subsequent shutdown.

Please note that access to PN3 was not offered via
the subcommittee, as a considerable backlog fook

up most of the available beamtime on the instrument.
The remaining beamtime was used internally.

Figure 4: Use of ILL beamtime

Losses
7.6%

Test/Training/
Commissioning
11.6%

Internal Time
8.5%
Users

723 %

Q6 INSTITUT LAUELANGEVIN © ANNUAL REPORT 2017

Outcome of the panel meetings,
originally planned use in 2017

Instrument Days Days Number of

requested allocated” accepted

experiments
BRISP 44 36 3 48 18 6 12 12
D1B 68 63 24 48 44 1 2 1
D10 240 113 19 48 43 0 5 0
D11 215 Q0 45 48 36 1 10 1
D16 192 106 20 48 36 0 4 8
D17 225 Q5 32 48 30 2 7 Q
D19 210 111 13 48 40 1 7 0
D2B 210 109 50 48 4] 0 1 6
D20 246 105 39 48 34 5 6 3
D22 237 76 33 48 37 0 Q 2
D23 68 39 6 48 47 0 1 0
D3 140 116 14 48 43 1 4 0
D33 238 75 27 48 39 1 6 3
D4 113 46 11 14 11 0 1 2
D7 241 109 20 48 42 0 6 0
D9 137 Q4 12 40 34 5 1 0
FIGARO 182 Q8 32 48 4] 3 5 0
FIPPS 401 327 18 48 48 0 0 0
INT-LAGRANGE Q9 25 Q 11 6 0 1 4
INT1 254 Q1 12 48 45 1 2 1
IN12 136 26 5 48 4] 0 7 0
IN13 154 56 5 48 38 0 5 5
IN15 237 51 Q 48 32 1 11 4
IN16B 200 84 30 48 20 5 23 0
IN20 192 51 8 48 0 45 0 3
IN22 128 33 5 48 4] 2 5 0
IN4 166 Q6 26 48 43 0 2 3
IN5 334 Q7 28 48 38 0 10 0
IN6 196 67 18 48 45 1 0 2
IN8 158 41 7 48 24 3 10 11
LADI 419 112 15 48 38 0 7 3
PFIB 212 134 8 48 34 1 7 6
PF2 normalised Qo7 84 2 48 33 0 15 0
PNI 111 78 8 48 0 48 0 0
PN3-GAMS 48 O 0 O 48
SALSA 158 60 15 48 31 3 5 Q
SUPERADAM 129 45 8 48 34 1 7 6
S18 62 62 3 48 48 0 0 0
THALES 161 Q8 17 48 4] 0] 5 3
Total 7 010 3199 656 1793 1295 136 208 153
Percentage of the total beamtime 723% | 7.6% 11.6% 8.5%
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Instrument list — January 2018

ILL INSTRUMENTS

D2B powder diffractometer operafional

D3 single crystal diffractometer operational

D4 (50 % with INT-LAGRANGE) liquids diffractometer operational

D7 diffuse-scattering spectrometer operational

D9 single crystal diffractometer operational

D10 single crystal diffractometer operational

D11 smallangle scattering diffractometer operational

D16 small momentum-ransfer diffractometer operational

D17 reflectometer operational

D19 single crystal diffractometer operational

D20 powder diffractometer operational

D22 small-angle scattering diffractometer operational

D33 small-angle scattering diffractometer operational
FIGARO horizontal reflectometer operational

FIPPS fission project prompt x-ray specfrometer operafional
INT-LAGRANGE (50 % with D4) three-axis spectrometer operational

IN4 fime-oHlight spectrometer operational

IN5S time-offlight spectrometer operational

IN8 three-axis spectrometer operational

INT1 spin-echo spectrometer operational

INT6B backscattering spectrometer operational

IN20 three-axis spectrometer operational

PF1 neutron beam for fundamental physics operational

PF2 ultra-cold neutron source for fundamental physics operational

PN1 fission product mass-spectrometer operational

PN3 - GAMS gammarray spectrometer operational
SALSA strain analyser for engineering application operational
ThALES three-axis spectrometer operational

WASP wide-angle spin-echo spectrometer commissioning
CRG INSTRUMENTS

BRISP Brillouin spectrometer CRG-B operational
D1B powder diffractometer CRG-A operational
D23 single crystal diffractometer CRG-B operational
GRANIT gravitation state measurement CRG operational
IN6-SHARP time-oHflight spectrometer CRG-A operational
INT2 three-axis spectrometer CRGB operational
IN13 backscattering spectrometer CRG-A operational
IN22 three-axis spectrometer CRG-B operational
SuperADAM reflectometer CRGB operational
S18 inferferometer CRGB operational

JOINTLY FUNDED INSTRUMENTS

TEST AND CHARACTERISATION BEAMS

measurement

LADI (50 %) | Laue diffractometer operated with EMBL CT1,CT2 detector test facilities

IN15 spin-echo operated with FZ Jilich CYCLOPS Laue diffractometer
spectrometer TOMOGRAPHY neufrography

GRANIT gravitation sfafe operated with LPSC (UJF, OrientExpress lave diffraciometer

CNRS)

STEREO search for

sterile neutrino

T3

neutron optics fest facility

operated with CEA Saclay,
LAPP Annecy, LPSC Grenoble,

T13A,C

monochromator fest facility

MPIK Heidelberg

7z

cold neutron test facility

Details of the instruments can be found at http://www.ill.eu/users/instruments/.
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Instrument layout — January 2018
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INSTRUMENT
LAYOUT

REACTOR
OPERATION

he ILl's High-Flux Reactor (HFR] produces the most

infense neutron flux in the world: 1.5 x 10" neutrons

per second per cm?, with a thermal power of 58.3 MW.
The reactor normally operates 4 reactor cycles per year. At
the end of each cycle there is a shutdown period during which
the fuel element is changed and a number of checks are
carried out. Occasionally longer shutdowns are scheduled

to allow for equipment maintenance.

A maximum power, the reactor's fuel element can provide
46 days of operation per cycle. For almost the last ten years,
our ‘confract’ with our scientific users has been to provide
200 days of operation per year [excluding maintenance
and upgrade work). At nominal power this allows for 4.5
cycles per year. For obvious practical reasons, this number
of annual cycles is not ideal for the Reactor Division because
it involves the same amount of work as having 5 operating
cycles: the tests and fuel loading operations fo be carried
out are the same before every startup, irrespective of the
length of the cycle. As the performance of the instruments
has generally been increased by a factor of 20, thanks to
the Millennium Programme, we have recently decided to
provide the 200 days of operation over four 50-day cycles

at slightly lower power.

Following the nuclear disaster at Fukushima in 2011, the
French nuclear safety authority [ASN) ordered additional
safety assessments o be carried out on all French basic
nuclear installations (INBs), including the ILL. This has had

a major impact on the ILL and its budget over the past few
years. Studies were performed by the Reactor Division teams
fo analyse the behaviour of the ILL reactor under extreme
conditions, in particular an earthquake scenario involving
major damage fo Grenoble and the failure of all the dams
on the river Drac—a scenario that would leave the city centre

under 10 m of water.

The postfukushima programme has now ended, and the safety
of the reactor is guaranteed even in the event of an extreme
earthquake-andflood combination involving the rupture of the

dams upstream, well beyond previous dimensioning standards.

REACTOR OPERATION

The ILL’s High-Flux
reactor (HFR) produces
the most intense neutron
flux in the world.
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Reactor operation 201/

A total of 48 days of scientific activity was provided
in 2017, although only one reactor cycle could be
delivered, using 1 fuel element.

181 19.01.17 08.03.17 48

48 55.8 0

Total 48

48 55.8 0

The reactor cycle was completed without incident.

The winter shutdown was used for various important
maintenance and other operations:

emptying and cleaning of the pump basin

installation of a protective barrier for the 45-metre high
reactor exhaust stack

preventive replacement of the batteries on the backup
safety circuits

maintenance of the natural convection flow valves
[CN1/CN2/CN3/CNA4) and siphon-breaker

[two-yearly maintenance)
maintenance of the NS network’s uninterruptible power supply

qualification of the new pumps on the shutdown cooling
system with their new bearings.

Later in 2017 we were informed that the nuclear safety
authorities were extending the period required to examine our
request o bring our new emergency circuits info operation.

We took advantage of the longerthan-expected reactor
shutdown period fo carry out a number of challenging fechnical
operations:

decommissioning of Emergency control room 2 (PCS2),
following the transfer of operations to PCS3
commissioning of the emergency groundwater circuit and
its connection with the emergency core reflood system
commissioning of the complementary seismic reacfor
shutdown circuit

commissioning of the automatic power supply cutoff in
case of earthquake

commissioning of the automatic valve on the secondary
circuit fo guarantee the integrity of the containment

commissioning of the seismic annular space
pressurisation system
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® commissioning of the emergency radiological
monitoring laboratory

e consfruction of an airlock system for the reactor fruck enfrance

e reinforcement of the fuehandling column and maintenance
stand fo resist exireme earthquake conditions

* replacement of three beam tubes and extraction of a fourth

* heavy mainfenance on one of the principal diesel generators.

The post-Fukushima programme has now ended, and the
safety of the reactor is guaranteed even in the event of
an extreme earthquake-andflood combination involving
the rupture of the dams upstream, well beyond previous
dimensioning standards.

In 2017 we also prepared and submitted all the reports
required for our ten-yearly safety review. On 2 November
2017 the safety authorities were sent the following
documentation:

e safety review report

® stafutory conformity report

® mechanical conformity report for Safety-critical ltems (EIS)
e conformity report for critical instrumentation and controls
¢ decommissioning report

* updated safety report

* updated operation rules

 updated emergency plan

e numerous studies in support of the reports

® numerous on-site controls and documentation reviews as
part of the demonstration of conformity.

The safety review will determine whether any further work is
required fo ensure that the ILL reactor installations comply with
the latest safety standards. This is likely to be limited given
the extent of the reinforcement already carried out under the
Reactor Refit programme (2002 to 2007) and post-Fukushima
programme (2012 to 2017).

THE KEY REACTOR COMPONENTS (KRC)
PROGRAMME

The aim of the KRC programme s to ensure the
upgrade and maintenance of the reactor’s most
important components, thus guaranteeing the
reliability of reactor operations for the future. The
programme was launched in 2005 and is run as
a continuous process.

OPERATIONS PLANNED FOR 2018
Maintenance operations:

® Major mainfenance on the second principal
diesel generator.

Work on the Key Reactor Components programme:

¢ Replacement of a safety rod
¢ Replacement of beam tubes H4 and H10.

Left to right:

Rosaline: The Rosaline container used in December 2017 to
transfer highly active waste fo its storage site.

Passerelle: The metal walkway ensuring the movement of personnel
even in the event of extreme flooding following a breach of the

dams on the river Drac.

Well: The lining for one of the wells to be used for the emergency

groundwater supply.

RADIOACTIVE WASTE AND EFFLUENTS

The ILUs activities in 2017 generated waste and effluents
respecting the regulatory limits applicable to our installation,
as follows:

Decay bin (60 LJ* 4
5 m® pre-concreted crafe (low and 0
intermediate level waste)

5 m? crate (low and intermediate level waste) 0
HDPE 200 L drums of ‘incinerable’ waste 74
HDPE 120 L drums of ‘incinerable’ waste 3
HDPE 120 L drums (laboratory waste) 6
30 L cylinders (liquid) 3

*The decay bins contain very active waste. They will be
transferred to ANDRA's new storage centre CIGEO as soon as it
becomes available, after an interim period in special storage.

Tritium 13.0

Rare gas 0.42

Carbon-14 0.046

lodine 0.00000055

Aerosols 0.00000015
Liquid offluents | Released in 2017 (TBa)

Tritium 0.19

Carbon-14 0.00029

lodine 0.00000087

Other activation products 0.00014

www.ill.eu
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MORE THAN SIMPLY NEUTRONS

n order to maintain their ranking on the infernational scene,
European research insfitutes must optimise their resources

and develop synergies at every level.

The ILL is firmly committed not only to building high-performance
instruments but also to offering the best scientific environment
fo the user community. Ve have established successful
collaborations with neighbouring institutes over the years and

launched many successful scientific and support partnerships.

The history of the ILL is that of European collaboration, and
the Institute is today involved in no fewer than eight different
projects funded by the European Commission. The benefits
are not merely financial—the ILL also benefits from the
networks and resources, which improve its infegration with
other facilities and the user community. This article focuses in
particular on the activities being developed by the SINE2020
and FILL2030 projects—both coordinated by the ILL.

In addition, the ILL and the ESRF have transformed our joint
site info a research campus—the European Photon and
Neutron science campus, or EPN-campus for short—with a
fruly international reputation. The EPN science campus is @
unique infernational science hub in Grenoble, hosting three
major European institutes—the European Molecular Biology
Laboratory ([EMBL), the European Synchrotron Radiation
Facility (ESRF) and the IlL—along with the Institut de Biologie
Structurale (1BS) (http:/ /www.epn-campus.eu/ ).

Last but not least, training and outreach forms a major part of

the ILL programme and takes a wide variety of forms.

The ILL Graduate School and PhD programme are infended to
frain the next generations of neutron users. In parallel, schools,
training sessions and local initiatives for Masters and PhD

students are organised throughout the year.

In addition, through regular open days on the EPN-campus
and yearly participation in the local science festival we hope
fo inspire new vocations in science disciplines, or at least fo

broaden the general public’s awareness of science.
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PARTNERSHIP FOR SOFT CONDENSED MATTER
The Partnership for Soft Condensed Matter [PSCM) is a joint
initiative established by the ILL and the European Synchrofron
Radiation Facility [ESRF) here in Grenoble. The main PSCM
mission is fo provide enhanced support services fo ILL and
ESRF users addressing confemporary challenges in soft matter
research, including nanomaterials, environmental and energy
sciences, biotechnology and related fields. Currently the PSCM
offers access fo 13 laboratories hosting 25 major pieces of
equipment as well as sample preparation facilities. Recently
the PSCM instrument suite was expanded by the incorporation
of the ESRF-AFM platform and the acquisition of both a gas
chromatography setup and zefasizer apparatus.

In addition to normal user operations, the PSCM is
continually searching for new collaborative partners in
order 1o strengthen the soft matter research community
through the establishment of longerm collaborations
devoted fo the joint development of specialised sample
environments and instruments.

In 2017, the PSCM was subjected to ifs first five-year
review, which was conducted by a panel of four experts
from France, the UK, Sweden and ltaly. As a result, the
PSCM agreement was renewed for the next five years.

The PSCM is located on the 2™ floor of the Science Building,
along with the Soft Matter Science and Support group. Users
wishing to use the PSCM laboratories and equipment in
conjunction with neutron measurements should indicate this
when submitting their request for beamtime. Further details can
be found at http://www.epn-campus.eu/pscm/.

PARTNERSHIP FOR STRUCTURAL BIOLOGY

The Partnership for Structural Biology (PSB) contains a
powerful sef of technology platforms, contributed and
operated by the various partner insfitutes (ILL, ESRF, EMBL,
IBS). These platforms include advanced capabilities

that strongly complement the neutron-scattering facilities
available to ILL users: synchrofron Xrays, electron
microscopy, highdield nuclear magnetic resonance (NMR),
highthroughput methods (e.g. soluble expression and
crystallisation) and a range of biophysical techniques

such as isothermal calorimetry (ITC) and surface plasmon
resonance (SPR). The PSB includes the Deuteration
Laboratory [see below), operated as a user platform

within the ILL's Life Sciences Group. It also includes the

joint SANS/SAXS platform. In addition, there is strong
connectivity and collaboration between the ILL and ESRF life
sciences/structural biology and industry groups. The aim

of the PSB is fo enhance the interdisciplinary capabilities of
each of the facilities co-located on the site and to widen the
scientific scope of external user communities.

The Carl-var Bréindén building [CIBB) is the principal sife for
the PSB and its partner organisations. Check the website for
more information: http://www.psb-grenoble.eu/ .

DEUTERATION LABORATORY

The Deuteration Laboratory (D-lab) is located and operated
within the ILL's Life Sciences Group. Ifs user programme

uses in vivo recombinant expression approaches to provide
deuterated analogues of proteins, nucleic acids and lipids
for the study of structure (crystallography, SANS, fibre
diffraction, reflection] and dynamics (EINS) using neutron
scattering. The platform is therefore of central importance

fo the activities of biological work relating to all the ILL
instrument groups. The Group is involved in a wide variety
of externally funded programmes that exploit the capabilities
of the PSB as well as promoting interdisciplinary structural
biology. It also interacts strongly with industry. Each year

it takes on a small number of undergraduate students who
are frained in many of these techniques and who contribute
to method development activity. It is also engaged in the
operation and exploitation of the cryo-EM capabilities being
sef up with the installation of the Titan Krios af the ESRF, in
partnership with ESRF, IBS and EMBL.

Access fo the D-Lab platform is through a rapid peerreview
proposal system and is available to all ILL member state
countries regardless of where the neutron scattering study
will be carried out. The facility may also be made available
fo users from non-member state countries, but it is expected
that the costs of the work involved will be covered by the
user. Users can apply to use the D-lab at

http:/ /www.ill.eu/users/support-labs-
infrastructure /deuteration-laboratory /.

CHEMISTRY LABORATORIES

The Chemistry Laboratories are managed by the Soft Matter
Science and Support Group (SMSS). The main purpose

of the laboratories is to allow ILL users to prepare samples
for their neutron experiments on site. Support for in-house
research conducted by instrument scienfists and PhD students
is also provided.

The main facilities include an advanced sample
preparation lab, a bio-preparation lab, a laboratory for
handling corrosive substances, an oven room and a cold
room, and are located on the first floor of the Science
Building. Three sample preparation laboratories can be
found in the guide halls ILL7 and ILL22. The labs provide
users with basic lab equipment, glassware, consumables
and chemicals necessary to prepare samples for a variety
of different neutron experiments. A glovebox to handle
airsensitive compounds and an enclosure to work with
nano-powders are also available. Different equipment

for sample characterisation can be accessed via the
PSCM laboratories. Further information on the Chemistry
Laboratories can be found ot https:/ /www.ill.eu/
users/support-labs-infrastructure /chemistry-
laboratories/.

MATERIALS SCIENCE SUPPORT LABORATORY

The Materials Science Support Laboratory [MSSL) provides
a range of support to our users, from advice with experiment
proposals through sample preparation fo the running of

the experiment. We provide equipment for tensile testing,
hardness testing and microscopy as well as 3D-scanning

of samples. In particular, the Laboratory works with users to
opfimise their experimental methodology before the start of
an experiment. This fakes the form of standardised specimen
mounting, digifisoﬂon of somp\es and the definition of
measurement macros. It is recommended that users confact
us well in advance and arrive at the ILL a day or two

prior to the start of an experiment to enable these offline
preparations fo be performed.
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STUDENT TRAINING

Through the ILL PhD programme, the ILL Graduate School

has grown in strength over recent years and now involves
approximately 50 students of many different nationalities. Most
are wholly or partially supported by the ILL, while a few are
also financed by other sources. In the recent 2017 call for
proposals for PhD projects 41 applications were submitted,
from which 8 fulHime-equivalent projects will be selected in
spring 2018 and the students subsequently recruited.

Since the students work in different disciplines, their annual
clip session gives them the opportunity to exchange ideas
and get fo know one another better. This is also an occasion
for the ILL staff af large to meet the students and learn about
their projects. The 2017 clip session on 24 May once again
challenged the students o present their work in five minutes,
and the event was as enterfaining as ever.

Running throughout the year, a set of seminars (titled ‘Al
you need is neutrons’ in 2016-2017) is held on a weekly
basis. The speakers are the PhD students themselves and the
fopics range over all aspects of neutron science and current
PhD projects.

The ILU's PhD students during their clip session on 24 May.

In 2017, the ILL again offered Masters and PhD students
from the local university ‘Université Grenoble Alpes’ (UGA)
the opportunity fo take part in real neutron scattering
experiments, under the framework of the so-called TP
CESIRE. Coordinated by Paul Steffens, and with thanks to
the various ILL scientists interested in this project, experiments
with appropriate topics and experimental setups are
constantly selected for this purpose. This year, 15 UJF
[Université Joseph Fourier) Masters students participated in
some of the TP CESIRE experiments performed on both ILL
and CRG instruments.

For the fourth time the ILL organised its undergraduate
summer programme, in collaboration with the ESRF, for
students from all universities in its member countries. The
invited students spent a month on a scientific project and

aftended a series of seminars given by the Insfitute's scienfists.

TRAINEES

In 2017 the ILL welcomed a total of 72 trainees (including

8 from the ILL—ESRF summer school and 2 from the STFC)

of 24 different nationalities (including 8 German, 30 French,
11 English and 14 from other ILL member countries).
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Participants of the HERCULES 2017 school.

HERCULES SCHOOL

This one-month course, coordinated by the Université Grenoble
Alpes, is designed to provide fraining for students as well as
postdoctoral and senior scientists in the field of neutron and
synchrofron radiation for condensed matter studies (biology,
chemistry, physics, materials science, geosciences, industrial
applications), from European and non-European universities
and laborafories.

The course includes lectures, practicals and tutorials, visits

to large facilities and a poster session (each participant puts
up a poster about her/his thesis or research topic for a day).
A special "Practicals and Tutorials’ programme is included,
hosted in a partner insfitution (including one full day at the ILL).

The 2017 HERCULES took place from 27 February to

30 March 2017 It welcomed 77 participants (including
5 parttime), of 20 different nationalities working in 19
different countries (including France 18, Germany 14,
Denmark 10, ltaly 5, Russia 5, UK 5, Sweden 4,

Czech Republic 3, Taiwan 3, Spain 2, Hungary 2), and
coming from as far as India (1). The students were selected
from more than 160 applicants.

More information is available at
http:/ /hercules-school.eu/.

Science festival — Explaining the "magic” of diffraction.

SCIENCE FESTIVAL

On Saturday 20 October, the four EPN-campus insitutes
fielded a stand at the French Science Festival ‘Féte de la
Science’. We welcomed many of the 2 800 curious and
enthusiastic visitors who came to the Grenoble ‘Parvis des
Sciences' that day. The public learnt about the different
activities and research carried out on the EPN science campus
guided by more than 30 passionate volunteers from the four
institutes, demonstrating once more their complementarity and
the importance of geographical proximity.

Half of the stand highlighted the large-scale facilities
[ILL/ESRF) and their wide range of scientific activities. The
other half was dedicated to sfructural biclogy, with many
hands-on activities from EMBL Heidelberg. Without doubt,
a great success.
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SINE2020—SCIENCE AND INNOVATION
WITH NEUTRONS IN EUROPE IN 2020

SINE2020 (http://sine2020.eu) was initiated in October
2015. Itis a fouryear 12 ME infrastructure development project
under the Horizon2020 Framework Programme federating

18 facilities and academic pariners. The main objective of the
project is twofold: fo prepare the European community for the first
neutrons af the ESS (European Spallation Source) in 2020, and
fo explore the innovation potential of neutron facilities and their
scientific partners.

SINE2020 is largely useroriented. Its socalled Joint Research
Activities' (RAs) focus accordingly on key techniques for present
and future neutron experiments. These aclivities cover issues of
sample preparation, such as novel techniques in deuteration and
macromolecular crystallogenesis, sophisticated equipment for
sample environment and software development. For example, the
project is actively involved in the Mantid project for data reduction
(http://www.mantidproject.org), o framework for
high-performance computing and the visualisation of materials
science data across specialised European facilities. SINE2020
promotes a collective approach to the processing of dafa
generated by a wide range of techniques (SANS, reflectometry,
imaging, INS, QENS and atomistic simulations).

A promising, though still underexplored, area is that of research
collaborations with indusiry. SINE2020 is commitied fo
strengthening direct links with industrial users, by demonsirating
the potential of neutron techniques and the value of access to
the network’s facilities. Thanks to SINE2020 industrial users can
now easily perform feasibility studies in eight different European

HORIZON 2020 PROGRAM

TWO OBJECTIVES

I Prepare Europe for the new opportunities at the ESS

> Develop the innovation potential
of neutrons Large Scale Facilities

4

NETWORKING &
JOINT RESEARCH
ACTIVITIES ACROSS

1285
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>12 M€ 1

neutron centres, in areas such as failure analysis or materials
and component development. The March 2016 invitation
generated 27 applications—half of which came from the
engineering and metallurgy sector—which almost tripled the
combined annual industrial demand of the centres involved.
The campaign effectively highlights the need of indusfrial
partners for sfrain scanning, imaging and SANS.

A special focus of SINE2020 is the education of future
neutron generations. To this end the virtual elearning platform
has been further developed, with SINE2020 supporting
infroductory and specialised neutron schools all over Europe.
The opportunities now cover a wider range of audiences,
applications and levels of learning, with demand already
expanding the scope of fraining available.

SINE2020 illustrates the evergrowing commitment of the
neutron community in Europe o demonstrate the potential
of neufron science. lis collaborators have expanded the
capacity of the community to provide tailormade solutions
capable of boosting innovation and addressing the
challenges facing our society.

8 PARTNERS

NEUTRONS SOURCES

R&D A NOVEL e-learning

Technology =~ APPROACH & Schools
> instrumentation THROUGH

> e-tools

 delctors NEW AND  User
IMPROVED Services

Industry ;re;g;gg[fn
Consultancy SERVICES e
environment

I software for

OeT OecT data treatment
>

EH‘IE 2015 = 2019
20 A FOUR-YEAR PROJECT COORDINATED BY ﬂ

This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 654000

ReacH & OPTIMISE
A SUSTAINABLE
BusiNEss MODEL

> PROMOTING SCIENCE AT ILL
> PROPOSAL WRITING

> SAMPLE PREPARATION

> DATA ANALYSIS

FILL2030—THE FUTURE OF ILL,
UNTIL AT LEAST 2030

Unlike most of the other projects funded by the European
Commission, FILL2030 is a mono-beneficiary project, entirely
dedicated to ensuring the longterm sustainability of the ILL
business model.

Part of the EU’s Horizon 2020 research and innovation
programme, FILL2030 has been granfed 3.98 M€ to
achieve its mission. This budget will finance the development
of the following:

® new service packages for academia and industry
* innovation of the ILL's funding model
e tools fo identify emerging user groups

¢ demonstrations of the socioeconomic impact of
ILL research.

FILL2030's overall objective is to achieve an increase of

5 M€ in the Ill's annual budget [~ 5 % of its current budget],
equivalent to the cost of one extra fuel cycle. Its initial

efforts will concentrate on securing continuous income from
the existing Associate and Scientific Member countries.
Relations are being strengthened in this respect, focusing on
the needs and expectations of each partner country. The ILL
is now actively promoting, couniry by country, the impact

of the neutrons it produces and the refurn on investment its
funders receive.

Simulianeously, FILL2030's outreach acfivities [including

tours of installations, roadshows, workshops and media
communications) will extend the pool of potential new partners,
in Europe and beyond. The ILLs online acfivity is also being
renewed, sfarting with a new design for the ILL website which
will now also present an affractive showcase of the Institute’s
many achievements.

identify & attract new users communities

INDUSTRY VIA ACADEMIA
EMERGING HOT SCIENTIFIC TOPICS

3

offer new service packages

elaborate novel funding models

set aside

for new users
from non-member
countries

This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 731096

The ILUs sfrafegy fo engage with new users and attract
sources of additional funding will be based on a much
clearer picture of the European neutron scattering landscape.
The aim is to identify new international pariners, aftract

new scienfific communities and ensure that current users are
exploifing to the full the potential Europe can offer.

FILL2030 will therefore develop a set of bibliometric tools
capable of analysing the activity of European and other
neutron scattering communities. This will help both to unravel
existing complex, trans-nafional networks of collaboration
and identify pofential areas of growth. The new fools will
also allow for regular monitoring of the changes underway
in neufron science. Most crucially they will help to measure
sociefal impact—a major facfor in the endeavour fo win
over pofential new funders. The same s frue of course

for our existing supporters, who must justify their on-going
investment in the ILL.

By establishing relationships with new member sfates,
FILL2030 will almost certainly be changing the framework
conditions. Existing paradigms will be adapted and
extended, with the infroduction of new mechanisms for
access and funding corresponding more closely fo the new
community’s needs.
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WORKSHOPS AND EVENTS

VWORKSHOPS
AND EVENTS &Chronide 201/

19 JANUARY

Celebration of the ILL's 50™ anniversary

(World Trade Centre, Grenoble)

23 JANUARY
Visit by the head of Italy’s CNR, Corrado Spinella

4-7 APRIL

Meetings of the ILL's Scientific Council and
its Subcommittees

18-19 MAY
Meeting of the Subcommittee on Administrative
Questions (SAQ)

20 JUNE
Signing of a Memorandum of Understanding

between the ESS and the ILL on neutron research
and fechnology
20-21 JUNE

Meeting of the Steering Committee

12 SEPTEMBER

Visit by Don Pablo Benavides Orgaz, the new
Consul General of Spain in Lyon

18 SEPTEMBER

Signing of a Master Collaboration Agreement between
the international company Procter & Gamble (P&G), the
ESRF and the ILL

12-13 OCTOBER

Instrument Subcommittee meeting: ILL Modernisation
Programme Endurance |l

17-18 OCTOBER

Meeting of the Subcommittee on Administrafive

Questions [SAQ)

10 NOVEMBER
Inauguration of the Cryo-EM platform (EPN Campus)

16-17 NOVEMBER
Meetings of the ILL Scientific Council

29-30 NOVEMBER
Meeting of the Steering Committee

4 DECEMBER
Visit by Mr Jérdme Gercet, Headmaster of Grenoble
International School

The ILL Instrument Subcommitiee met on 12-13 October
to discuss the Modernisation Programme Endurance .
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Scientific events

In 2017, the ILL organised (or coorganised) 21 scientific events
[workshops, conferences and schools).

13 JANUARY

Discussion Group for macromolecular crystallogenesis
20-24 MARCH

6" Workshop on Nuclear Fission and Spectroscopy of
Neutron-Rich Nuclei

23-24 MARCH

ChEMWood: Chemical Engineering and Mechanics in Wood:
Xray and neutron scattering, microscopy and modelling

3 APRIL

PSB student day

9-11 MAY

Advances in neutron scattering for soft matter and biology
24 MAY

PhD students' clip session

24-26 MAY

Infernational Workshop on Particle Physics at Neutron Sources
7-9 JUNE

Neutrons in Structural Biology

19-20 JUNE

Optics and neutrons experimental approaches to THz
spectroscopy —SON2017

28-30 JUNE

Stereo collaboration meeting

6-7 JULY

NDMeso2017 Neutron Diffraction and the Mesoscale
6-7 JULY

Neutron Diffraction and the Nanoscale 2017 (NanoDif 2017)
satellite meefing

7-14 AUGUST

Infernational Conference of Physics Students

3-30 SEPTEMBER

XRay and Neutron Science, international student summer
programme af ILL/ESRF

11-15 SEPTEMBER

EMBO SAXS/SANS course

16-25 SEPTEMBER

Giornati Didattiche

28-29 SEPTEMBER

Students” workshop

9 OCTOBER

3¢m<journée thématique du GDR, Bioringinérie des interfaces
10-13 OCTOBER

40" anniversary of Neutron Spin Echo

16-20 OCTOBER

Annual School on Neutron Diffraction Data Treatment using
the FullProf Suite

23 NOVEMBER
CARAC
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1. Participants of the Neutrons in Structural Biology workshop.

2. Group photo during the undergraduate summer school coorganised by the
ILL and the ESRF.

3. Attendees at the ‘Chemical Engineering and Mechanics in Wood' workshop.

ILL seminars organised in 201/

A total of 58 general seminars were organised at the ILL in 2017, in addition to 12 colloquia. The list of colloquia can be found at
http:/ /www.ill.eu/news-press-events/events-calendar/.

23 January W. Press
Is rotational tunnelling still alive? Questions
concerning solid methane

26 January P. Regan
Characterising & standardising

'interesfing’ radioisotopes af the UK

National Physical Laboratory

26 January R. Bilewicz
Lipidic cubic-phase carriers of anticancer
drugs: drug release profiles and inferactions
with phospholipid membranes

26 January G. Burca
'IMAT —the new neutron imaging and
diffraction beamline at ISIS’

31January A. Popov
Basic properties of radiafion defects in
halides, oxides and perovskites

7 February T. Reimann
Vortex matter beyond SANS
10 February D. Price

The influence of water on the structure
and relaxation of a prototype ionic liquid

13 February T Weber
The friple-axis resolution software ‘Takin’
13 February M. Stachura

When NMR spectroscopy is not enough:
applications of Bradiation-detected NMR
in chemisiry and biochemistry

16 February A. Sundaresan
Magnetoldilelectric effect in spinel oxides

22 February N. Kardjilov
Neutron imaging in materials research

23 February 1. Jackel
WISPy dark matter

8 March C. Michelagnoli

FIPPS— The new Fission Product Prompt
Xray spectometer

10 March C. Garvey
Molecular insights into small molecule
anhydro- and cryo-profectants

4 April A. Serebrov
Measurements of neutron lifetime with
Big Gravifational Trap

25 April M. Doser
Experiments on antimatter af CERN
9 May S. Perkins

Atomistic modelling of scattering data in
the Collaborative Computational Project
for Small-Angle Scattering (CCP-SAS):

new insights info antibody conformations

15 May C. Vendrely
Amyloids in extracellular matrices

18 May G. Jackeli
Spin-orbital frustration in Mott insulators

23 May F Canfargi

LAHN: The Argentinian Neutron Beams
Laboratory Project

30 May M. Berritta
Theory of laserinduced magnetism from

first principles

6 June F. Ferdeghini

lonic liquids under nanometric unidimensional
confinement: a route to a better electrolyte?

6 June N. Martinez
Nanoscale water dynamics in operando
fuel cells

6 June JP. Melchior
A multiscale study of proton dynamics and ionic
transport in phosphoric acid: the substance with
the highest intrinsic proton conductivity

6 June J. Peet
Investigation of oxide ion conduction via
neufron scattering techniques and ab inifio
molecular dynamics

6 June A. Perrichon
lonic diffusion mechanisms investigated through
lattice and vibrational dynamics: the cases

of the oxide-ion conductor Nd,NiO, _, and
Ba,rO,based proton conductors

7 June C. Bidinosfi
NMR phase encoding using twisted B1 fields

16 June Z. Fakhraai
longrange correlated dynamics in
organic glasses

16 June J. Dawidowski
Multiple scattering corrections: possible
applications for SANS techniques

A+d’

19 June X. ledoux
A new neutron facility af SPIRAL-2
19 June C. Breton

Glycosyltransferases: the enzymes that
build complex sugars

20 June T. Roger
The new generation acfive farget ACTAR TPC
26 June S. Chernyshev

Quantum order-by-disorder and
excifations in kagome-lattice magnets

27 June N. Ashby
Relativistic theory of a falling cube gravimeter
28 June C. Wiebe

Confinement of magnefic monopole
quasiparticles in a quantum spin ice

30 June E. Farhi
Automated laffice dynamics with iFit,

using ASE, PhonoPy, VASP and more...
3 July C. Weinheimer

The quest for the neutrino mass

6 July . Zaliznyak
Polarised neutron scattering on HYSPEC (the
Hybrid SPECtrometer at SNS): temperature

evolution of dynamical magnetism in FeTe,, Se,

(19
18 July N. Manohar
Solventdriven infiliration of polymer (SIP)

into nanoparticle packings

25 July B. Aoun
Fullrme, stochastic fitting fo reverse

engineering afomic and molecular systems
enabled with Machine learning

15 September D. Svergun
State-ofthe-art of SAS data analysis

18 September A. Tremsin
MCP neutron detector imaging—fowards the
um resolution for e.g. SANS and diffraction

25 September V. Lauter
Magnetism reflectometer: grazing incidence
polarised neutron scattering af SNS

26 September G. Balik
Vibration analysis and control for
scientific experiment

4 October J. Wilson
Spectroscopic studies of the 22¢Uln,f) and
232Th(n,f) fission reactions with fast neutrons

at ICORNE /nu-balll
11 October G. lane

Creation and survival of '8Ta in stellar
environments plus a brief overview of
nuclear research at the ANU

23 October L. Udby

E-neutrons for everyone

13 November N. Zaccai
Qil and water don't mix but have fo: insights into
cell membrane biogenesis from neutron scattering

15 November C. Masquelier
Crystal chemistry of positive electrode

materials for Li- and Narion bafteries

probed at large-scale facilities

17 November T. Chupp
The new muon g-2 experiment at Fermilab
22 November A. Franck

Neutron waves in an accelerating matter

29 November J. Ljungvall
Picosecond lifetime measurements using

Recoil Distance Doppler Shift method

(an opportunity at FIPPSE)

30 November S. Ulvenlund
How neutrons help us design the green surfactant
technology of tomorrow

4 December K. Bodek
Search for BSM physics af TeV scale by
exploring the transverse polarisation of electrons
emitted in neutron decay—the BRAND project

6 December F. Mller

Innovation in the chemical industry

7 December A. Senyshyn
Neutron scattering studies on Lision batteries
11 December V. Monti

Intense thermal neutron fields from a
medicaltype LINAC: the e_LIBANS project

12 December L. Oberauver
Neutrino astrophysics at low energies—
status and prospects
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FACTS AND FIGURES

STAFF ON 31/12/2017
501.5 people, including 73 experimentalists in the scientific
sector and 37 thesis students.

347 French; 45.5 German: 38.5 British; 45 scientific
participating countries and 25.5 others.

Nationality %
French 343.5 69.2 %
German 45.3 Q1%
British 38.4 7.7 %
Member countries 44.0 8.9%
Others 25.2 51%
Total 496.4 100 %

REVISED BUDGET 2017: 100.694 M€
(excluding taxes)

Income M€ %

Income from Associates 65.068 64.62 %
(incl.Endurance Progamme, Nucl.

insurance & add. nuclear tax)

Income from Scientific Members 20.118 19.98 %
Own income 2.940 292 %
Carry forward from 2016 1.645 1.63%
Movement from reserves 9.873 Q.81 %
Contribution from national /regional / 1.050 1.04 %
local authorities

Total 100.694 100.00 %
Expenditure M€ %
Staff costs 46.260 4594 %
Operating costs 19.363 19.23 %
Investment costs 20.486 20.34 %
Fuel cycle 14.585 14.48 %
Total 100.694 100.00 %

PURCHASING STATISTICS
(Figures 2017 to December 2017)

ME %
France 18.05 51.58 %
Germany 4.39 12.55%
United Kingdom 2.16 6.17 %
Scientific Members 4.61 13.17 %
Others 5.78 16.53 %
Total 34.988 100.00 %
France captif market 6.28 15.22 %
Total captif /non captif 41.270 0

FACTS AND FIGURES

Others
51%

Member countries
8.9%

British
7.7 %

German
9.1 %

Contribution from

authorities
Carry forward  Reserve 1.04%
from 2016  9.81 %
1.63 %

Own income
2.92%
Income from
Scientific
Members
19.98 %

Fuel cycle
14.48 %

taff costs
45.94 %

Operating
costs
19.23 %

ncome from
Associates
64.62 %

Investment
costs
20.34 %

Others
16.53 %

Scientific
Members
13.17 %
United
Kingdom
6.17 %

Germany
12.55%

51.58 %
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NAME

Institut Max von Laue-Paul Langevin (L)

FOUNDED
19 January 1967

Intergovernmental Convention between France, Germany
and United Kingdom (19/07/1974)

ASSOCIATES
France

Commissariat & I'Energie Atomique et aux Energies
Alternatives (CEA)

Centre National de la Recherche Scientifique (CNRS)

Germany

Forschungszentrum Jilich (FZ))

United Kingdom
Science & Technology Facilities Council [STFC)
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COUNTRIES WITH SCIENTIFIC MEMBERSHIP
Spain
MINECO Ministerio de Economia y Competitividad

Switzerland

Staatssekrefariat fir Bildung, Forschung und Innovation (SBFI)

Italy
Consiglio Nazionale delle Ricerche (CNR)

CENI (Central European Neutron Initiative)
Consortium composed of:

Austria: Osterreichische Akademie der Wissenschaften
Czech Republic: Charles University of Prague

Slovakia: Comenius University, Bratislava

TRANSNI

(Belgian-Danish-Swedish Transnational Neutron
Initiative Consortium)

Belgium: Belgian Federal Science Policy Office (BELSPOL)
Sweden: Swedish Research Council (VR)

Denmark: Danish Agency for Science, Technology and
Innovation (DASTI)

Poland: ILLPL Consortium of Polish Scientific and
Research Institutions

SUPERVISORY AND ADVISORY BODIES

Steering Committee, which meets twice a year

Subcommittee on Administrative Questions, which meets
fwice a year

Audit Commission, which meets once a year, and
statutory auditor

Scientific Council with @ Subcommittees, which meets
fwice a year

REACTOR
Operating 1 cycle in 2017
48 days in fofal, average power 55.8 MW (p.102)

EXPERIMENTAL PROGRAMME

268 experiments out of the 656 allocated by
Subcommittees on 28 ILlfunded and @ CRG instruments

721 visitors from 33 countries

%licqﬂons in 201/

In 2017, the ILL received notice of 572
publications by ILL staff and users.

They are listed on the ILL website:
https:/ /www.ill.eu/about-ill /

documentation/scientific-publications/

scientific-publication-list /.

THE DISTRIBUTION BY SUBJECT IS AS FOLLOWS

Applied Physics, Instrumentation and Techniques 36
Biology 57
Crystallography and Chemistry 64
liquids and Glasses 19
Magnetic Excitations 50
Magnetic Structures Q7
Materials Science and Engineering 46
Medicine 4
Nuclear and Particle Physics 64
Soft Matter 82
Spectroscopy in Solid State Physics and Chemistry 40
Theory 12
Other 1

ILL PHD STUDENTSHIPS

PhD students at the ILL in 2017* 44
PhD theses completed in 2017* 6
PhD theses completed in 2017**

* Receiving a grant from the ILL.

** Receiving an external grant.

www.ill.eu
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Review panels
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Key

Chair/focus group Chair

ILL college secretary/focus group secrefary
ILL specialist

REVIEW PANELS

APPLIED METALLURGY, INSTRUMENTATION
AND TECHNIQUES

G. Bruno [BAM, Berlin, Germany)

E. Farhi

T. Pirling/A. Wildes

NUCLEAR AND PARTICLE PHYSICS
M. Van der Grinten (STFC, UK)

T. Jenke

P Geltenbort

MAGNETIC EXCITATIONS

A. Boothroyd (Oxford University, UK)
J. Ollivier

B. F&k

CRYSTALLOGRAPHY

C. Masquelier (CNRS Amiens, France)
E. Mossou

C. Ritter

MAGNETIC STRUCTURES

F. Damay (LB Saclay, France)/M. Laver (Birmingham University, UK]
N. Qureshi/T. Saerbeck

J. Rodriguez Carvajal

STRUCTURE AND DYNAMICS OF LIQUIDS AND GLASSES
L. Bove (Pierre and Marie Curie University, Paris, France)

G. Cuello

T. Seydel

SPECTROSCOPY IN SOLID STATE PHYSICS AND CHEMISTRY
M. de Boissieu (Simap, Grenoble, France|

A. Piovano

M. Zbiri

STRUCTURE AND DYNAMICS OF BIOLOGICAL SYSTEMS
R. Biehl (JICNS and ICS-1 Jilich, Germany)

A. Martel

M. Blakeley/]. Pefers

STRUCTURE AND DYNAMICS OF SOFT CONDENSED MATTER
R. Jacobs (Oxford University, UK)/A. Zarbakhsh (University of
London, UK))

|. Hoffman,/P. Gutfreund

O. Czakkel/l. Grillo

DIRECTOR

HEAD OF
SAFETY

MEDICAL
SERVICE

COMMUNICATION

SCIENCE
DIVISION

(Associate Director)

PROJECTS AND
TECHNIQUES DIVISION

(Associate Director)

USER SUPPORT
AND TRA

SCIENTIFIC
COORDINATION

SCIENTIFIC
COMPUTING

SOFT MATTER
SCIENCE AND
SUPPORT

ADVANCED
NEUTRON
ENVIRONMENT

JOINT ILL/ESRF
LIBRARY

L OFFICE

LARGE-SCALE
STRUCTURES
GROUP

DIFFRACTION
GROUP

SPECTROSCOPY
GROUP

NUCLEAR AND
PARTICLE PHYSICS

THEORY GROUP

NEUTRON
DISTRIB.,
MECHANICS

INSTRUMENT
CONTROL

IT SERVICES

NEUTRON OPTICS

DETECTORS

PROJECTS AND
CALCULATIONS
OFFICE

BUILDING AND
MAINTENANCE

REACTOR
DIVISION

(Deputy)

SHIFT TEAMS,
SITE SECURITY

ELECTRICITY AND
ELECTRONICS

MECHANICAL
SERVICES

ADMINISTRATION
DIVISION

PURCHASING

PERSONNEL AND
HUMAN RES.

www.ill.eu

| DIRECTOR'SSERVICES |

INDUSTRIAL
MANAGEMENT UNIT
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1. Published in Research Match
on 19 January 201/

2. Published in Phys.org
on 3 February 2017

3. Published in Pan European
Networks in April 2017

4. Published in Phys.org
on 7 July 2017

5. Published in The Manufacturer
on 18 July 2017
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. Published in Pan European Networks

on 21 August 201/

. Published in EPS

on 26 September 2017

. Published in Physics World

in October 201/

. Published in News Wise

on 16 October 2017

More arficles at

http://www.ill.eu/en/news-press-events/

press-corner/ill-in-the-media/

www.ill.eu
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SECTION HEAD

ith over 50 years of achievements, the ILL has firmly
Westobl'shed itself as a pioneer in neutron science.
The ILL 50" anniversary (celebrated on 19 January 2017)
was more than an occasion fo look back at a successful past:

it should also be seen as a major milestone on the road fo an

equally bright future.

50 years of

scientific excellence

Current and past member countries
include: Austria, Belgium, Czech Republic,
Denmark, France, Germany, Hungary,
India, ltaly, Poland, Russia, Slovakia, Spain,
Sweden, Switzerland and the UK

1 Nobel Prize

From 45 different countries

Scientists from over 1T 000
laboratories worldwide visit the
facility each year
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Research is conducted in
almost every field

22 000

scientific publications

40 000 experiments
55 instruments
3 maijor upgrade programmes

3

180 cycles

9 000 days of operation

1961-1970 1971-1980 1981-1990
1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990
THE First plans for a The Geneva conference: 19 January: Work starts 31 August:  The founders UK joins The ‘deuxiéme Green light Horizontal cold Spain joins Switzerland Austria joins
ILL heavy water reactor J. Horowitz suggests a signing of on the Reactor goes  confirm a the ILL souffle’ for the ESRF source & second  the ILL joins the ILL the ILL
STORY Franco-German inifiative the Infer- reactor critical user service guide hall built
J. Horowitz to govermnmental philosophy for Construction of the ESRF starts
R. Dautray: Draw H. Maier-eibnitz puts the ILL Convention the ILL
me a reactor’ on the map (af Grenoblel)
WORLD 15 April, Paris, 22 Neil First Earth UK joins 26 April: Fall of the
HISTORY v Gagarin: January: the Armstrong Summit the EEC the Chernoby/ Berlin wall
the first man signing of walks on (Stockholm| disaster
in space the Franco- the moon
CGerman
Elysée Treaty
WORLD Nobel Prize for the  USA: the Tectonic Description Néel wins G. de Gavaler The first First "World The world Quasi-crystals discovered Bednorz & First Alzheimer ~ NASA's Hansen  First human
SCIENCE work by F. Crick, world’s first plate theory  of the Nobel Gennes' discovers complete climate awakes Muller: a high- drug frials warns USA gene fransfer
J. Waitson and human heart molecular Prize for repfation Nb,Ge, genome conference’, fo AIDS femperature oxide of ‘global experiment
M. Wilkins fransplant structure of discoveries  theory a super- sequence Geneva superconductor warming’
on DNA insulin in magnetism conducfor
at 22K
ILL Neutron First experiment First neutron  Key experiments Experimental  Structural Incommensurate  New model for Determination Tesfing the A. Hewaf et Unprecedented precision on
SCIENCE botiles for ~ on ILs IN2 scattering on INT0 and evidence characterisafion  phase of molecular dynamics of the sfructure mode coupling  al. publish the  the neutron lifefime with stored
ultracold (B. Dorner & experiment  D1A: tunnelling for dynamic  of a natural bipheny! . Dianoux & F. Volino) of an organic theory using major work ultracold neutrons (W. Mampe
neutron M. Steiner) on [normal)  motions of CD, scaling biclogical (C. Zeyen conductor inthe  spinecho and ~ on a high- & P. Ageron)
storage liquid *He  and CD, groups predicfions ~ membrane efal) superconducting  backscattering  temperature
[FL. Shapiro (Cowley, and Rietveld in polymer (. Zaccai) phase [A. Schultz  (B. Frick & copper oxide
etal) Scherm refinement solutions & A Filhol) B. Farago superconductor
& Stirling) (F. Mezei, Spin-wave
First QNS D. Richter observations Time-resolved Fruitful period for the structure
Stuhrmann  experiment efal) in the actinide neutron powder  and dynamics of quasi-crystals
develops the in a polymer a~uranium diffraction on at the ILL
mathematical  {Higgins, INTO) compounds D1B opens [C. Janot & M. de Boissieu)
formula for (.C. Marmeggi) up a large
the contrast research field
variation Discovery of the (. Pannetier)
method dynamic nature
of spin glass
fransitions by
NSE polarisation
analysis (F. Mezei
& A. Murani)
ILL & H. Maierleibnitz D2, D4, DIA, D1B, D5, D8, IN3, D3, D17 D18, IN8 INTT INT2 D5 D3, D4, D2 - D28B D8 = DI9 DB21, D23, INTT D20 Microstrip INT4 EVA, LADI
NEUTRON and B. Alefeld invent INT, IN2 IN4, IN5,IN7, INTO, PN INT, ING, D18 »S18 D5 gas chamber
TECHNOLOGY neutron backscattering Orange cryostat  F. Mezei invents PN5/SNS5 [FUTURE PF2) PN8 IN5S, IN8, IN2 = IN20 invented at the ~ Cryopad, a zerofield spherical
A. Heidemann brings it First PN2-BILL, PN3, 4-GAMS built at the ILL supermirrors INTO, INT3 ILL (A. Oed) neutron polarimeter, built af the
back to the ILL with INTO tanzbonden (D. Brochier & PN/ (FUTURE PF1) ILL (F. Tasset)
(commissioned in 1974) instruments at  |bel and Roth build S. Pujol)
the ILL (IN2, SANS D11 and D17 P. Aldebert's
ING, .. on cold source guide J. Paureau (CNRS) neutron
and C. Vettier furnace for
Neutron develop the first solid samples
spin-echo high pressure cells reaches
invented (5-6 kbar) and 2 400°C
and fested by first ALO, clamps
F. Mezei [20-30 mbar|

B Instrument start M First upgrade B Second upgrade M Instrument closure
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SECTION HEAD

1991-2000 2001-2010 2011-2017
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 20006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
THE First CRGs  Reactor Russia joins  ltaly joins Czech The Sweden joins Belgium, Poland and Hungary Denmark and India joins Post-Fukushima The Infer- The Endurance 50" anniversary of the ILL
ILL atthe Ll restarts with  the ILL the ILL Republic Millennium the ILL join the ILL Slovakia join the ILL reinforcement governmental Programme is 20" amiversany of
STORY new reactor joins the ILL Programme the ILL work starts Convention is launched il b Fyh
vessel is launched The PSB and D-lab extended to 2023 Ol s membsrhip
move into the Carl-var Memorandum of
Brandén building understanding between
ILL and ESS
WORLD  Dissolution  Signing 9/11 attacks The Fukushima Maijor terrorist The Brexit vote
HISTORY  of the of the in New York nuclear accident attacks in Paris
Soviet Maastricht
Union Treaty
WORLD  Carbon Andrew First defails ~ Experimental ~ World Year Neanderthal Water ice Higgs boson Creation of human Gravifational Google’s AlphaGo
SCIENCE  nanofube Wiles of cosmic evidence of Physics, nuclear DNA discovered on discovered embryonic stem cells waves defecied  defeats Chinese Go
discovered proves microwave  for the solid  honouring sequenced the moon af CERN by cloning Master in Win for A.l.
Fermat's background  Bose-Finstein  the 100"
Last condensate anniversary of
Theorem effect Einstein’s papers
ILL Advances in the Explanation of why Discovery Previously Quantum states of neutrons Einstein’s Spin ices revedl Radioisotope Experimental observation of Protein water Observation of  Neutrons reveal that
SCIENCE magnetic sfructure alkaline batteries cannot of ICE Xll'in ‘impossible’ in the Earth’s gravitational E=mc? magnetic production for a ‘quantum Cheshire caf’ mobility studies  profon fransfer  'quantum tunnelling' on
defermination with be recharged — Realime two different experiments  field (V. Nisvizhevsky et al ) confirmed to monopole cancer freatment (H. lemmel et al., S18) [Hartlein & by neutron graphene enables the birth
neutron powder powder neutron diffraction regions on D20 due very high behaviour (U. Koester et al | Weik, INT¢) crystallography:  of sfars (S. Rols ef al., IN4)
diffraction on D1B (. Pannetier) of water’s fo the new accuracy — (T. Fennel et al. D7) improve key fo future
(. Rodriguez-Carvaidl, phase microstrip GAMS defection of HIV drugs Investigation info the
most cited ILL paper) diagram defector (M. Jentschel Alzheimer’s (M. Kowalevski  entanglement between
(W. Kuhs & (P. Convert & etal) disease & M. Blakeley.  molecular qubits brings
M. Koza) T. Hansen) LADI) molecular magnets closer
to application in quantum
The 2016 Nobel  computing (H. Mutka &
Prize for Physics ~ J. Ollivier, IN5)
awarded fo
Duncan Haldane
— previous
post-doctoral
researcher in the
ILL's Theory group
ILL &  PN2-BILL, PN8 D23 INTO, S18 DI/, IN15  IN8 D19 IN20 EVA SALSA IN3, LADI IN4, D2B BRISP DIA D1/ VIVALDI INT2 INT — [AGRANGE  IN14 — ThALES FIPPS
NEUTRON ADAM IN22 ADAM — SuperADAM INT6 INS DB21 INT6 — INTOB INTO
TECHNOLOGY Three-directional neutron LADI The Xenocs spin-off FLATCONE: A TAS opfion VIVALDI FIGARO GRANIT
polarisation analysis (optics for industry and  combining a set of analysers
(O. Shérpf) research — P. Haghej]  and defectors in a very WASP (under

compact design (J. Kuldal

construction)
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