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Foreword

"The scientific case for the European Spallation Source (ESS) has been rigorously
investigated, debated and prepared by the ESS collaboration as well as the European
Neutron Scattering Association (ENSA). It has been continuously updated to take into
account new developments and opportunities across a broad range of science and research
in physics, chemistry, materials, engineering, biology and the earth and life sciences. The
European Science Foundation (ESF) reviewed the basic scientific case of research neutron
sources, and of a new MW-class pulsed source for European science and research, a few
years ago and found it sound. Very considerable detailed technical and engineering effort
has been invested in the project design studies, and many alternatives have been explored.
It is noteworthy that the European neutron user community and European neutron providers

have all worked together in preparing the ESS case and support it.

That Europe has enjoyed, and still enjoys, the world lead in the establishment and research
use of neutron facilities is unarguable. This lead is centred on the so-called “2nd generation
facilities” ILL and ISIS, including their cutting-edge instrumentation. The USA and Japan
have recognised the European lead, and the benefits that neutron research brings, and are
constructing (USA: SNS) or have approved (Japan: JSNS) 3rd generation facilities which,
unless there is a European competitor, will inevitably result in the loss of this lead and in a
major loss of talent to these facilities. The Organisation for Economic Co-operation and
Development (OECD) Megascience Forum forward look in the late 1990’s forecast a severe
"neutron-drought” beginning before 2010, caused by the planned closure of facilities around
the world, many in Europe, as they became obsolescent. This drought will severely curtail
science research using neutrons. The new national facilities in Europe, FRM-2 (Munich) and
the planned AUSTRON, and potential upgrades at ILL and ISIS, might diminish the drought.
But they cannot provide the "cutting edge" opportunities for Europe available at a 3rd
generation MW-class facility such as ESS, with its unique long-pulse and short-pulse target

stations at an unprecedented 5 MW beam power level.

The OECD's study identified the need for three 3rd generation facilities - in North America, in
the western pacific, and in Europe. The American SNS is under construction and the



Japanese JSNS is approved. The SNS acknowledges that its scientific and technical case
borrowed heavily from the earlier work on the ESS project. The ESS scientific and
engineering cases have moved on from this starting point and are now benefiting from
shared experiences with SNS and JSNS.

The ESF recognises that national funding agencies in Europe face difficult budget decisions
from many high quality national and international science projects. Without at this stage
offering advice on funding priorities, the ESF commends the science case for the ESS,
recognises it as a truly European project and urges that governments and funding agencies

work together to take a timely decision."

Enric Banda
Secretary General, European Science Foundation (ESF)



Editorial

This science case document reports a joint effort of the ESS Scientific Advisory Committee
(SAC), the European Neutron Scattering Association (ENSA) and scientists from a multitude of
scientific disciplines from all over Europe and beyond. The goal of this document was not to
encompass neutron applications in all their width and breadth — this has been done at earlier
occasions — but rather to assess key scientific problems where the impact of ESS will be most
significant. These “scientific flagships” are the essential content of this report. They have been
identified and addressed by working groups covering the fields of solid state and particle physics,
of materials and soft condensed matter science, of biology and earth science, of chemistry and
engineering and the science of liquids and amorphous materials. These working groups
evaluated the trends in their respective fields, identified key areas and assessed the impact of
ESS. This approach revealed the very broad scope of ESS, it dealt with new concepts and
visions and sometimes also with the dreams of these experts. Though there was plenty of
scientific imagination involved, predictions for discoveries were not attempted but extrapolations
from today’s perspective were worked out in order to illuminate the science in the decades to

come. The reality in the age of ESS will almost certainly surpass our imagination by far.

Beyond its invaluable contribution to scientific progress ESS will also become an indispensable
tool for Europe’s technological advance. Views into the future were undertaken on the basis of
the European research missions of today. These missions were identified from Europe’s
framework six program and the foresight themes of different European governments. Such
themes comprise for instance functional materials and nanotechnology, microsystems and
information technology, traffic and transport, sustainable development, clean technologies and
environmental systems, biotechnology and health as well as the preservation of cultural heritage
and archaeometry. These topics were assessed by transdisciplinary working groups, who again
worked out the impact of ESS in key areas. Finally the complementarity of neutrons with other

techniques was thoroughly investigated by a special working group.

Thanks to the inspiration, the excitement and the broad knowledge of all contributors, the
document has become and almanac of the neutron science, to be enabled by ESS. It contains a
wide variety of ideas, it outlines opportunities and features a deep assessment of the future role

of neutrons in the age of ESS in European science and technology.

| like to take the opportunity to thank all participating scientists for their continuous and

extraordinary initiative and enthusiasm, clearly visible at the two dedicated SAC workshops



dealing with this science case and also in between, when the input to the workshops had to be
prepared. In particular | like to thank the conveners of the science and transdisciplinary groups

who shaped the results of all the considerations into the exciting reports printed in this volume.

Julich, 15.04.2002

Prof. Dr. Dieter Richter
Chairman Scientific Advisory Committee (SAC)



Executive Summary

1. ESS - a European Source of Science

The European Spallation Source (ESS) will be the most powerful third generation neutron source
ever designed. Science at ESS will address our world in all its diversity. All the remarkable
materials and substances we use, and from which all life is made, are based on combinations of
about 100 different types of atoms. Neutrons are one of the most powerful probes for making the
arrangement of these atoms visible and for measuring the forces between them. Research at
ESS will be performed in areas ranging from materials science to soft matter science, from earth
science to particle physics, from chemistry to engineering, from solid state physics to biology and

medicine.

2. The ESS will provide new knowledge
Research with neutrons serves first of all to expand our knowledge. The unprecedented
improvements in effective intensity delivered by ESS will open new scientific opportunities in
many fields of condensed matter science. To give some examples, the ESS will
advance our knowledge of the functioning of biological surfaces and interfaces.
unravel complex self organisation behaviour in soft condensed matter.
provide insights into the state of matter under the extreme conditions of the earth’s interior,
and enable predictions of volcanic eruptions and earth quakes.
give us a new ‘inside” view of engineering structures.
probe the unsolved mysteries of quantum mechanical tunnelling states in glassy materials.
lead to an understanding of the hydrogen bonds in supramolecular chemistry and
pharmaceuticals.
address fundamental questions of particle physics and cosmology, such as the origin of

matter antimatter asymmetry and grand unification.

3. The ESS will advance technologies of tomorrow
The ESS will offer new and improved tools that will enhance our ability to develop and optimise
tailor made new materials and substances to achieve better functionalities and higher reliabilities
for the benefit of European industry and society. Neutrons at ESS will
monitor catalytic processes, they will provide the atomic picture underlying the
electrochemistry of batteries and fuel cells and will lay important foundations for a future

hydrogen based energy economy.



enable research on materials for advanced information technologies and study for instance
nanostructured magnetic clusters, dots and layers and examine highly non linear micro
magnetic media.

enable knowledge based design of functional materials such as magneto resistive materials
and high temperature superconductors, photoresponsive materials for holographic data
storage and magnetic elastomers.

impact structure based drug discovery, structural aspects of aging, food processing and the
production of biosensors and biochips.

enable us to access the very large parameter space of nanosystems such as nanostructural
alloys and composites, advanced functional polymer materials, nanotubes, nanocrystals and
in particular the self organisation of compartmented macromolecules, and allow the in-situ
observation of structure formation and processing.

become an important tool for archaeology and conservation of artefacts facilitating the dating
of excavation sites, the unveiling of ancient trading patterns, cultural exchanges and
manufacturing techniques.

enable better, safer, more economical and environmentally friendly designs of traffic and
transport structures through the uptake of new materials, an improved understanding and
refinement of the manufacturing processes and a surer foundation for structural integrity

assessments.

4. Neutrons provide undisturbed views of matter and cannot be replaced

Since they are electrically neutral, neutrons are gentle probes that penetrate deep into materials
without causing damage. Whether they look at glasses, plastics, metals, proteins, amino acids or
magnetic materials, scientists and engineers obtain a direct view on the internal structure,
arrangement, magnetism and even movements of atoms.

o Neutrons see where the atoms are and how they move.

o Neutrons see the elementary magnets.

o Neutrons see all nuclei whether they are heavy or light.

o Neutrons distinguish isotope labelled regions in complex structures.

o Neutrons penetrate deep into matter.

o Neutron results are easily interpreted because the cross section is quantitative and simple.

As realised by the ESF standing committee for Physical and Engineering Science (ESF-PESC)

due to these properties neutrons will always be an indispensable tool for studying atomic

structures and dynamics in condensed matter and cannot be replaced by other techniques.

However, the value of neutron results can be considerably enhanced by the use of

complementary data obtained by other methods and similarly data obtained by other methods are

enhanced by the use of neutron data. There is no single experimental technique that can provide
VI



us with all the information we need to know about materials, different techniques based on
different physical processes, provide different information and as the materials under study
become ever more complex, it becomes more crucial to study them using multiple

complementary experimental techniques.

5. The ESS - the new frontier for neutron science

The history of research with neutrons dates back to the early 1950's, when the first research
reactors were built. Thanks to their unique properties neutrons were used to investigate an ever
larger number of research fields. As a consequence the demand for neutrons continues to grow:
more neutrons, and better neutrons, tailored to particular uses. Since 30 years the development
of research reactors at reasonable costs (and technical risk) has found its end with the ILL, the
world’s premier research reactor. Now a third generation of neutron sources is emerging. They
produce neutrons by shooting highly accelerated protons at a target, causing the nuclei in the
larget to release neutrons by a process similar to evaporation. Scientists call this spallation.
Spallation sources can be run on a pulsed basis. That enables a much more effective exploitation
of the neutrons produced.

Among these newly evolving Megawatt spallation sources, ESS will be the premier facility. It will
provide for an enhancement in source performance for the different applications by factors
between 10 and 100, i.e. much more than has been achieved since the pioneering days of
Brockhouse in the early 50’s (factor 4). The ESS has been devised to operate using two different
pulse sequences to two different targets, so that those researchers using slower neutrons and
those using faster neutrons can both look forward to working under optimum conditions. This
means that, for example, scientists working on “soft condensed matter” including biology will not
have to compromise with colleagues whose subject is hard materials (metals, ceramics,

magneto-electronics, chemical and mechanical engineering).

6. The ESS layout and instrumentation is science driven

The crucial ESS parameters, power level, repetition rates and proton pulse length were chosen
such as to optimise its scientific opportunities. For that purpose, scientific experts from eight
different disciplines analysed the future trends in their fields, identified flagship areas and derived
the science demands on ESS. In parallel, instrument experts covering 28 generic instrument
types which were grouped into nine categories, evaluated their performance at different possible
larget stations. The synthesis of the science demands and the instrumentation opportunities at
the different target stations led to the choice of a short pulse 50 Hz and a long pulse 16%/5; Hz

Vil



larget station each operated at 5 MW beam power. Similarly, the instrumentation was prioritised

according to the demands of the flagship areas in the different scientific disciplines.

7. The ESS instrumentation opportunities

ESS will offer an unprecedented jump of some two orders of magnitude in the crucial
performance parameter, the instantaneous peak flux, compared to the leading continuous or
pulsed sources of today. The goal of the ESS project is to combine the vastly enhanced, unique
source quality with the most advanced instrumentation concepts. In this way the sensitivity of
observing small signals or fast processes in real time (which is the main limitation of neutron
scattering in general) is increased by as much as 3 orders of magnitude in some unique core
applications and more than two orders of magnitude in the majority of cases. This huge step
forward will be reached through the extensive experience accumulated over the past 5 decades
at continuous sources and nearly 3 decades of progress with pulsed sources. Innovative
concepts will further enhance the efficiency of using the source power in actual experiments.
Examples include advanced neutron optical beam extraction schemes and sophisticated
multiplexing techniques like repetition rate and wavelength frame multiplication. As a result ESS
will not only surpass all other neutron sources, existing or being built, by its higher neutron
brightness, but it will further enhance this advantage by a more efficient use of the neutrons

produced.

8.The ESS is endorsed enthusiastically by the European users

Currently 4000 — 5000 European researchers are using neutron scattering for their scientific work
and their number is expected to grow as the possibilities improve. They have organised
themselves within the multidisciplinary European Neutron Scattering Association (ENSA). ENSA
has developed a European neutron strategy featuring a network of regional sources and as the
centrepiece the ESS. This concept has been unequivocally and enthusiastically endorsed by the
neutron communities in the different European countries. 2000 — 3000 users are estimated to
frequent ESS every year. More than half of them will be PhD students or postdoctorals, who in
addition to carrying out frontline research will be educated in the international environment of
ESS, thereby preparing them for the challenges of professional activity in an increasingly global

scientific and industrial world.

VI
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1. Introduction

A source for many disciplines ...

This document presents the scientific case for the European
Spallation Source (ESS), the most powerful third generation
neutron source ever designed. Science at the ESS will
address our world in all its diversity. All the remarkable
materials and substances we use, and from which all life is
made, are based on combinations of about 100 different types
of atoms. Neutrons are one of the most powerful probes for
making the arrangement of these atoms visible and for
measuring the forces between them. Research at the ESS will
be performed in areas ranging from materials science to soft
matter science, from earth science to particle physics, from
chemistry to engineering, from solid state physics to biology
and medicine.

The ESS will support thousands of individual research
projects. It will be a facility for investigating the myriad
manifestations of matter, all of which have their own intrinsic
fascination. Scientific results obtained at the ESS will underpin
many aspects of our future lifestyle and contribute in many
ways to our scientific and technological progress. The ESS
must be judged on the basis of all the opportunities for
scientific discovery and technological development that it will
enable. In their rich variety, wide range and multi-disciplinarity,
they will make a significant contribution to our knowledge of
the natural world, which is the basis of our technology. For the
ESS project this multi-disciplinarity is at the same time a
strength and a weakness. A strength, because of the width
and breath of the scientific results that will be produced. A
weakness, because it is much easier to make the case for a
single scientific purpose and to assemble a well defined
narrow community behind a project, rather than to rally
scientists from a multitude of scientific disciplines and to bring
together their different cases.

We cannot hope to predict exactly what the specific
challenges will be in the decades to come. In the early 1980’s
nobody could have predicted that fullerenes or high
temperature superconductivity would be discovered within the
decade. However we can confidently extrapolate from the
present and predict where major advances would be possible
if the ESS were available today.

... providing new knowledge ...
Research with neutrons serves first of all to expand our
knowledge. To give some examples, the ESS will

e advance our knowledge of the functioning of biological
surfaces and interfaces;

e unravel complex behaviours in soft condensed matter;

e provide an insight into the state of matter under the
extreme conditions of the earths interior, facilitating to the
knowledge base for future predictions of volcanic eruptions

and earth quakes;
1-1
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Scientific opportunities at ESS

Biology and Biotechnology

Neutrons are particularly sensitive to the dynamics of molecules and single
atoms. The relevant instrumentation at the ESS promises large gain factors, up
to three orders of magnitude above what is available today. This will allow an
unprecedented increase in experimental sensitivity, which, in combination
with bio-simulation, will be applied to the study of atomic and molecular
structure and dynamics in many fields of biology.

Polymers and Soft Matter

Complexity is one of the most common characteristics of soft condensed mat-
ter. The properties are often determined by key components that are dilute.
Instrumentation at the ESS will allow the observation of such components
under both equilibrium and transient conditions. One example is the explora-
tion of the structure, dynamics and phase behaviour of multicomponent com-
plex fluids in porous media, preparing the way for e.g. tertiary oil production
or the remediation of soil contamination.

Earth and Environmental Science
Geological activity in the earth’s upper mantle is responsible for geo-hazards
such as earthquakes and volcanic eruptions. At the ESS, high temperature and
high pressure studies of the structure and dynamics of minerals and magmas
under earth mantle conditions will lead to significantly improved predictions
of earth dynamics and the related geo-hazards.

Computer Simulation and Neutron Scattering

Neutron diffraction data is routinely used as the basis for structural models of
crystals, glasses and liquids. In the future advanced modelling software will
allow the production of dynamical models, e.g. ‘'movies’ showing ‘where the
atoms are and what the atoms do’, on the basis of inelastic neutron scattering
data measured over a wide range of momentum and energy transfer at the
ESS.

Engineering and Material Science

Structure sensitive imaging will add a new dimension to real scale tomogra-
phy and radiography. Large field, high resolution images will display the dis-
tribution of structures in a material. Real time tomography of hidden objects,
such as lubricants or cooling fluids, will become possible.
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Amorphous and Disordered Materials

One of the major unsolved mysteries in the dynamics of amorphous solids,
the origin and nature of the quantum mechanical tunnelling states,
will be addressed. These states are ubiquitous in glasses but have so far pro-
ved elusive to microscopic measurement due to their extremely low density.

Chemistry and Chemical Structure

The study and understanding of the H-bonding holding together
complex molecules, and arrays of molecules, will have an important impact
on pharmaceutical materials and supra-molecular chemistry, allowing more
rational molecular engineering.

Solid State Physics
Neutrons provide unique access to the magnetic structure and dynamics of
solids. Neutron beams at the ESS will provide maps of the magnetic
polarisation and spin dynamics of nano-structured systems. Furthermore, the
ESS will allow experiments under the extreme conditions required to explore
quantum phase transitions.

Particle Physics

The neutron can be seen as a composite particle consisting of quarks, virtual
pions and gluons. Its internal structure determines the decay process,
the magnetic moment, and an anticipated electrical dipole moment that
would indicate new physics beyond the Standard Model of particle physics.
Related measurements can be performed using cold and ultra-cold neutrons.
Essential contributions can be expected to the unification of fundamental
forces in nature.

Liquids

Nowadays, three-dimensional liquid structure refinement can be carried out
for liquids of small molecules. A challenge for the ESS will be to extend this to
large molecules. ESS will enable the understanding of why some ion combi-
nations or molecular species in solution induce protein folding, while others
cause denaturation. ESS will also reveal the structural changes of water sur-
rounding the macromolecule and deliver crucial information on the origin of
hydration forces.

1-3

(1))
()
c
_CD
(8]
(O
Y
(@)
(4))
v
| .
S
(@)
(O
c
4+
(1))
Q.
(@)
=
=
4]
(02
()
4]




)
)
c
Q
)
%)
Y~
o
)
&)
~
S
o
%)
c
T
)
Q.
o
=
S
0y
%)
%)
W

ESS contributions to European
research missions

Magnetoelectronics

Magnetic sensors based on the giant magnetoresistance (GMR) effect can be
found in hard disc reading heads, position sensors for precision tools and ABS
systems. GMR sensors exploit the magnetic field dependence of the electrical
resistance in layered magnetic structures, whose details were clarified by neu-
trons. The ESS will allow experiments on ultrathin and laterally confined films,
in order to explore the magnetic structures and interfaces of reading devices
as the lateral size of GMR heads shrinks to cope with increasing storage den-
sity.

Magnetic Neural Networks

GMR, together with the Exchange Bias (EB) effect that pins the direction of
magnetic moments in a certain direction, allows the construction of spin val-
ves, which are essential components of magnetoelectronics. On this basis,
smart micro-magnetic-media can be envisaged that could become prototypes
for magneto-neural-networks. The ESS will be an invaluable tool for the struc-
tural and dynamical evaluation of such systems.

Holographic Laser Discs

Liquid crystalline polymers with photosensitive side groups can undergo pro-
nounced photo-induced structural rearrangements that could be exploited,
for instance for three dimensional holographic laser discs with storage capa-
cities of the order of 1000 GB. Structural and dynamical neutron studies at the
ESS will help to direct systematic searches for new optimum formulations that
meet the demands of a wide variety of applications.

Drug Discovery

Knowledge of the three dimensional structures and dynamics of proteins and
nucleic acids, as receptors for drug molecules, opens a structure based path to
new drug discovery. For instance, major diseases in aging, such as Alzheimers,
are caused by the formation of insoluble amyloid deposits of proteins in the
brain and neurofibral tangles in the nerves. A combination of x-ray and neutron
crystallographic studies, both of the enzymes that catalyse processing of the
amyloid precursor proteins and of the proteins that associate with the plaques,
could make an outstanding contribution to the design of therapeutic agents.

Enzymes in Food Productions

Improved knowledge of the active site structures in enzymes can be used to sup-
port their rational redesign. One of the most important enzymes in food pro-
duction - glucose isomerase — isomerises glucose to fructose. Fructose is used
extensively as a sweetener in the food industry, for instance in soft drinks like
Coca-Cola. This is a billion euro industry. If the ESS were available today, it
would allow a clearly resolved distinction between the magnesium and oxygen
atoms in the enzyme and facilitate placement of the bound water molecules
and cations that are involved in the enzyme's action.

1-4



e aallat

Unveiling Ancient Technologies

Neutron diffraction reveals novel information on archaeological artefacts and
helps to unveil long forgotten ancient technologies. One recent example is an
analysis of the Copper Age axe of the 5200 year old Iceman (Otztal). Neutron
scattering techniques have only recently been applied to such archaeological
artefacts. Many goals are not yet achieved, mainly due to the limitations of
present day neutron sources.

Fuel Cell

H.
Storage

Hydrogen Energy Economy

Hydrogen is an ideally clean carrier of energy. A future hydrogen based ener-
gy economy will need substantially better ways of storing hydrogen in a safe,
light and affordable manner. Metal hydrides, and ionic compounds of the
lighter elements, appear promising candidates. Their relevant structural and
dynamical properties can only be clarified by neutron scattering. The ESS will
provide the means to study kinetic loading and unloading cycles in-situ, aging
processes and associated diffusion mechanisms. This knowledge will be of
great importance for rational materials design.

Methane Clathrates:

Energy Resource and Marine Hazard

Methane-water clathrates contain the largest proportion of natural gas in the
shallow earth (about 7 times the amount available in sedimentary rocks) and
constitute an enormous energy resource. However methane release as a con-
sequence of clathrate instabilities causes green house effects and marine geo-
hazards. A full understanding of the crystal chemistry demands structural and
dynamical studies under real conditions which are far from the reach of
today’s neutron sources, but will be within the reach of the ESS.

Templating of Nanostructures

With detailed control of chemistry and processing conditions, it is possible to
fabricate complex nano-scale ordered block copolymer systems that can be
used as templates for high quality fillers, fabrication of efficient catalysts,
medical implants, pharmaceutics, photonic and smart materials, novel nano-
structured magnetic devices etc. The rational design of such materials needs
to be based on knowledge. The structural complexity, the huge multidimen-
sional parameter space involved, and investigations into the kinetics of struc-
ture formation require the high flux of ESS.

Nanomaterials for Transport and Traffic

Rising energy prices and growing environmental awareness are intensifying
the search for materials and processes with improved performance. The ESS
will have an impact on the development of engine/propulsion technology and
novel materials for transport. It will advance our understanding of component
failures and of lubrication issues on an atomic/molecular level. One example
is the production of light weight nanocomposites, where nanoscale fillers
reinforce a polymer matrix.
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e give us a new ‘inside’ view of engineering structures;

e probe the unsolved mysteries of quantum mechanical
tunnelling states in glassy materials;

e lead to an understanding of the hydrogen bondsin
supramolecular chemistry and pharmaceuticals;

e address fundamental questions of particle physics and
cosmology, such as the origin of matter-antimatter
asymmetry and the validity of grand unification.

A short list of such flagship experiments is displayed in the
box “Scientific opportunities at ESS”.

... and new technological solutions.

Aside from its impact on basic sciences, neutron scattering at
the ESS will also make a direct contribution to the solution of
many problems more closely related to everyday life. The ESS
will offer new and improved tools that will deepen our
understanding of both the natural world and the world of
artificial materials, and enhance our ability to use this
knowledge effectively, for the benefit of European industry and
society.

Neutrons at the ESS will monitor catalytic processes, they will
provide the atomic picture underlying the electrochemistry of
batteries and fuel cells and will lay important foundations for a
future hydrogen based energy economy. Neutrons at the ESS
will be instrumental in the development of improved magnets
for magnetic levitation trains. They will facilitate a better
understanding of materials failure — one recent outstanding
neutron scattering result clarified the failure mechanism of the
Inter City Express train accident in Eschede. Neutrons at the
ESS will have an impact on nanotechnology - at the Spallation
Neutron Source (SNS) in Oak Ridge a multi-million dollar
centre for nanophase materials is currently being constructed.
Important insights are expected into the principles of
nanodevices and spintronics, molecular magnets, magnetic
films and surfaces. The development of functional materials
involving self-organisation, of supramolecular chemistry
featuring hydrogen bonds, and many aspects of biomimetics
will be fertilised by the ESS. Biology and biotechnology, e.g.
enzymatic catalysis, drug discovery and maybe even our
understanding of phenomena such as amyloid diseases
causing age related disorders, will benefit from the ESS. (At
the SNS special beam lines in this field are under
consideration.)

A summary of the impact of the ESS on such research themes

is displayed in the box “ESS contributions to European
research missions”.
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I. ESF/PESC 1996: Prospects for neutron scattering;
need for an ESF initiated next step

The behaviour of materials is determined by the arrangement
of atoms and the forces between them. Our knowledge of
these comes from a range of sophisticated scientific
techniques that are sensitive at the atomic and molecular
level. Many such techniques are based on scattering from
matter by x-rays, light, electrons and neutrons, or more
recently on direct imaging by scanning probes. Their power is
enhanced by theory and computer modelling. Each method is
optimised to probe different aspects of structure and dynamics
and there is a great deal of relevant complementarity.

The neutron is, in many ways, an ideal probe for the
investigation of condensed matter. The neutron interacts with
matter mainly through the strong force as a nuclear interaction
and the electromagnetic force via its magnetic dipole moment.
A list of the most important properties of the neutron and its
advantages for the investigation of condensed matter is given
in the box on “The main advantages of neutrons”.

Neutron scattering has consequently made outstanding
contributions to our detailed understanding, at a microscopic
level, of technically important materials such as plastics,
proteins, polymers, fibres, liquid crystals, ceramics, hard
magnets and superconductors, as well as to our
understanding of fundamental phenomena such as phase
transitions, quantum fluids and spontaneous ordering. A short
list of some “Major achievements of neutron scattering” is
given in the corresponding box.

In 1996 the European Science Foundation (ESF) completed a
major evaluation of the scientific prospects for neutron
scattering in Europe [1]. This provided a forum where the
scientific case for neutrons could be developed, and laid a firm
basis for the scientific case for the ESS. A central part of the
ESF evaluation was a workshop on the “Scientific Prospects
for Neutron Scattering with Present and Future Sources”. The
ESF Standing Committee for Physical and Engineering
Sciences (PESC) evaluated the results and came to a number
of important conclusions:

* The use of neutrons continues to evolve, both in traditional
and in new fields. Given the enormous impact of new
materials in technology, no end to this process can be
foreseen. The demand for more sophisticated use of
neutrons continues to grow, so that aggressive
programmes of instrumentation development are vital to
the field.

= Non-neutron tools for matter investigation, such as
synchrotron radiation, cannot substitute for the future use
of neutron beams. Even in the long term, both neutron
scattering and synchrotron radiation research will continue
to be indispensable, because the two techniques cannot
replace each other (nor be replaced by third methods);
indeed they complement and extend each others range
and opportunities.
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The main advantages
of neutrons

The main properties of the neutron that are
exploited in scattering studies can be summarised as follows:

The energy of thermal neutrons is similar to the energies of atomic motions. A wide range of
energy scales may be probed, from the nano-electron volt energies associated with polymer
reptation, through molecular vibrations and lattice modes, to electron volt transitions within the
electronic structure of materials.

The wavelengths of thermal neutrons are similar to atomic spacing, providing structural
information over ten orders of magnitude in scale (10% to 10°A). Measurements are thus possible
over distance scales ranging from that of the wave function of the hydrogen atom to those of
macromolecules.

Neutrons interact via the strong interaction and hence see nuclei, rather than the diffuse electron
cloud seen by X-rays. This has major advantages, such as to be able to see light atoms
(e.g. hydrogen) in the presence of heavier ones, and to distinguish neighbouring elements more
easily. The fact that the scattering cross section of an atom generally varies between isotopes of
the same element allows us to exploit isotopic substitution methods to yield structural and
dynamical information in even greater detail. It also facilitates the use of contrast variation, which
enables us to contrast out parts of a complex system, for example the nuclei acid or the protein
component of a virus.

The neutron’s magnetic moment is ideally suited to the study of microscopic magnetic structures
and magnetic fluctuations that underpin macroscopic magnetic phenomena in materials.

Neutrons only perturb the experimental system weakly and its interaction with a nucleus has a
simple form. This greatly aids interpretation and often means that neutron scattering provides the
most reliable scientific results in areas as diverse as the structure of water or the strain mismatch
in superalloys used in turbine blades.

Neutrons are non-destructive, even to complex, delicate biological materials.

Neutrons are highly penetrating, allowing the non-destructive investigation of the interior of
materials. This makes them a genuine microscopic bulk probe, routinely used in
complex environments such as furnaces, cryostats and pressure cells, and enables the study of bulk
processes under realistic conditions.
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» The diversification of neutrons into a number of wider
scientific areas continues. Examples are earth sciences,
pharmaceuticals sciences, biology and engineering.

» The direct impact of neutrons on ‘wealth creation’ is
increasing and will continue to do so. Examples of
industrial relevance are in the fields of multilayers,
polymers, material science, and engineering.

= Unless appropriate action is taken, sources of neutrons,
and hence the supply, are likely to decrease in the next ten
years.

= Given the existing and future expected demand in Europe
this makes it imperative that: (a) full use is made by
European users from the basic and applied science of the
present network of medium flux national sources and the
highest flux sources — ILL and ISIS and (b) a mechanism
is initiated by the ESF to co-ordinate the design and
funding request that will allow a truly advanced European
Source to be operational within 15 years.

According to this evaluation, the importance of the results
obtained using neutron scattering techniques lies not only in
their significant — often crucial — contribution to the corpus of
scientific knowledge, but equally in their impact on a
remarkably wide range of technologically and industrially
important areas. Present and future examples that can be
cited include biotechnology, drug design, pharmacology,
materials processing, environmental technologies, catalysis,
energy storage, new materials, energy transmission, transport,
data storage and quantum devices, all covering crucially
important aspects of modern civilisation.

Il. The community of neutron users

It was originally the physics based community that pioneered
and developed neutron scattering. However, with the
introduction of the user facility concept, neutron science has
expanded into all disciplines of condensed matter science,
including biology. In 1996 the European Neutron Scattering
Association (ENSA) and the European Science Foundation
(ESF) conducted a survey of the European neutron scattering
community [2]. The distribution over selected European
countries and scientific disciplines is illustrated in Figure 1.
4000 scientists in Europe use neutron scattering as one of
their major research tools.

Since the publication of the ENSA/ESF report, there has been
a notable expansion of neutron applications in the engineering
sciences (in-situ tomographic studies, strain scanning etc.)
principally as a consequence of substantial investment in
dedicated instrumentation. This area is seen as one of
considerable growth and increasing industrial importance, for
example in support of the aerospace industry.

Similarly, the advent of higher resolution and higher count-rate
diffractometers which enable the structural characterisation of
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Major achievements
of neutron scattering

Magnetic Structures

Almost everything we know about magnetic structure — from the early
demonstration of anti-ferromagnetism in simple systems (Shull, Nobel prize
1994), to the complex magnetic structures being developed by hard magnets
- has come from experiments with neutrons. Similarly, polarised neutron
reflectometry provides unique access to the surface and interface magnetism
in thin films and multilayers.

Elementary Excitations and Phase Transitions

Similarly, nearly all our knowledge of elementary excitations such as phonons
or magnons in crystalline solids, and their relationships to 2nd order phase
transitions, stems from inelastic neutron scattering (Brockhouse,
Nobel prize 1994).

Polymer Conformation and Dynamics

Neutrons have provided the most direct information on polymer
conformation and the associated scaling laws, and polymer dynamics such as
reptation, corroborating the Nobel prize winning theoretical concepts of
Flory (1974) and DeGennes (1991).

Structure and Dynamics of Liquids

Neutrons have provided much of our basic understanding of the structure and
dynamics of liquids. The results have had a major influence on theoretical
developments such as memory function formalism, or mode coupling theory
for description of the glass transition, and the development of computer
simulation techniques now used widely from fundamental physics and chemi-
stry to biology.

Proton Positions and Motions in Biomolecules

Neutrons have determined water organisation in proteins and other biologi-
cal systems and function critical hydrogen positions in enzymes. Inelastic
neutron scattering led to a characterisation of large amplitude internal moti-
ons in small proteins, and of a dynamical transition that is correlated with
function. Neutron studies on lipid membranes have provided the basis
for our present view of the bilayer as a dynamically rough and extremely soft
surface.
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Crystal Structures and Magnetism

of High Temperature Superconductors

Neutrons have provided the definitive crystal structures of high temperature
superconductors, which serve as the basis for all considerations of the mecha-
nism of superconductivity and have led to production of better quality mate-
rials. Neutron spectroscopy has provided unique information on the nature of
magnetism in high temperature superconductors, on the interplay between
magnetic fluctuations and superconductivity and on the role of the lattice
dynamics.

Concepts of Statistical Physics

Neutrons have made major contributions to our understanding of model
systems for statistical physics in one, two and three dimensions, including
verification of the Haldane conjecture, determination of the properties of the
Haldane gap, and the discovery of solitons as the characteristic elementary
excitation of strongly non-linear magnetic systems.

Strain in Engineering Materials

Neutron strain measurement on engineering materials has made an impor-
tant contribution to our knowledge of residual stresses. These stresses are
essential to making reliable estimates of component life times. Important
work has been carried out on welded structures, in particular the method is
accelerating the introduction of new friction based welding techniques.
Often post weld heat treatment is needed to reduce potentially life time
threatening residual stresses; neutron diffraction has improved their definiti-
on.

Electro-wweak Interaction

Neutron decay experiments made essential contributions to the
understanding of the ,,weak interaction” and the unification of the electro-
magnetic and weak interaction to the ,electro-weak interaction”. Parity non-
conservation has been shown for the neutron decay, and neutron decay data
also contributed to fixing the number of lepton families as three.

Quantisation of Neutron Waves

in the Field of Gravity

Four hundred years after Galilei neutron physicists observed the quantisation
of ultra-cold neutrons in the gravity field and the quantisation of thermal
neutrons due to confinement.
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complex multiphase minerals, soils and clays, is expected to
lead to a growth in the use of neutrons by earth scientists, via
a transfer of neutron technology from physics, chemistry and
materials science.

1200

The European neutron scattering community

By number of researchers By discipline

Physics 46%

Chemistry 26%

Materials science 20%

4%

neering sciences 3%

1%

Figure 1: Distribution of neutron users across European countries and
scientific disciplines.

If we inspect the scientific demand at front rank facilities such
as ILL and ISIS, an important observation can be made. While
applications in the life sciences are at a level of 4% on a
European average, at ILL 15 % of all beam time is requested
in this area. This high level of request at the current highest
flux source strongly emphasises the need for particularly high
source intensity for those experiments that explore complex
biological matter. Neutron scattering is currently at the
threshold of the sensitivity necessary for many types of
investigation of the structure and dynamics of biological
materials. The ESS will lift neutron scattering in life sciences
well beyond this threshold, so a further strong increase in
applications to biological problems can confidently be
predicted. A recent ESF study [3] also underlined the growing
importance of neutron science in biology. It concluded that:

“The neutron approach is unique in providing simultaneously
the energy transfers involved and the amplitude of the
motions. Neutron studies in general provide information that
cannot be obtained by other methods and are strongly
complementary to x-ray, electron microscopy and NMR. The
use of neutrons in biology, however, has been severely

restricted by the lack of beam time due to the shut-down of

reactors and the strong demand on the few existing sources
that have the necessary instrumentation.”

It is estimated that 2000-3000 scientists will carry out
experiments at the ESS every year. More than half of them will
be PhD students or postdoctoral researchers, who in addition
to carrying out frontline research will benefit from the

1-12

- Biology

Current neutron
are at the thresh
sensitivity requil
solution of biolo
problems. The E
move well beyo.
threshold.



international environment of the ESS, preparing them for the
challenges of professional activity in an increasingly global
scientific and industrial world. Beyond the immediate impact
on young scientists using neutrons, a decision to build the
ESS has great potential for increasing the interest of young
people in science and technology. It would express a
commitment to science in Europe at a level that challenges
investment in the USA and Japan. Training opportunities
would be produced in accelerator physics and technology,
biology, chemistry, engineering, materials science and
physics. There are few investments in a single facility that
would have similar impact on so many different scientific
fields.

lll. Neutron sources world wide; a global OECD strategy
The quality and precision of neutron scattering experiments is
primarily limited by the counting rate and, therefore,
essentially by the intensity (thermal neutron flux) of the
available neutron sources.

Neutrons have ‘traditionally’ been produced by fission in
research reactors optimised for thermal neutron flux. The first
such reactors reached criticality in the 1940’s with fluxes of
10" to 10" n cm™?s™. Medium flux reactors like that in Chalk
River (Canada) where Brockhouse developed inelastic
neutron scattering, for which he was later to win the Nobel
prize, became operational in the early 1950’s with fluxes up to
410" ncm?s™. Since then the source intensity has increased
only by a factor of 4, an increase achieved almost 30 years
ago with the commissioning of the Institute Laue Langevin
(ILL) in Grenoble, the world’s most powerful neutron scattering
research reactor. In the 1990’s the United States attempted to
surpass the ILL flux by a factor of 5. This Advanced Neutron
Source project was abandoned In 1995 because of huge costs
(3G$) and technical difficulties.

Figure 2 shows the increase in flux available from neutron
research reactors. After a steep increase in the late 1940’s
and early 1950’s, the flux saturated about 30 years ago.

Accelerator based pulsed sources produce neutrons in a
totally different manner. In the spallation process neutrons are
evaporated from heavy nuclei by the impact of GeV protons
from a high current proton accelerator. For each neutron
produced by fission a heat load of 190 MeV has to be
dissipated, but for neutrons produced by spallation the heat
load is only 30 MeV. The cooling problems which limit high
flux reactors are therefore much less severe at spallation
sources. Furthermore, spallation sources may be operated in
a pulsed mode, well adopted to the requirements of the
majority of condensed matter experiments.
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Figure 2: Development of the neutron flux available at reactor (average
flux) and spallation sources (peak flux).

In contrast to research reactors, accelerators have improved
tremendously since the early 1980’s through the development
of linear accelerators including superconducting technology,
strong focusing synchrotrons, charge exchange injection,
radio-frequency quadrupole (RFQ) technology, sophisticated
beam dynamics, computer control and particle tracking codes.
Accelerator based neutron scattering sources have grown in
strength by five orders of magnitude. In recent years, neutron
scattering instruments have been developed which can take
full advantage of the high intrinsic brightness of these sources
using advanced time-of-flight instrumentation. From being a
mere curiosity in the 1970’s, the neutron beams produced by
100 kW beam power accelerators now rival those of the best
reactors in the world.

Future third generation MW spallation sources, such as the
ESS, will provide up to two orders of magnitude higher peak
flux than the best sources of today and will play a key role in
future neutron science.

In 1998 the OECD-Megascience forum evaluated the
development of neutron facilities for neutron scattering
research [4]. It noted that neutron scattering plays, and will
continue to play, a crucial role in an extraordinarily diverse
range of basic, strategic and applied research. It also noted
that there will be a dramatic and inevitable decline in the
number of facilities worldwide (Figure 3), and this requires
urgent government attention.
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Figure 3: OECD projections for the number of major neutron sources
available in the OECD countries and Russia.

The way forward was formulated in terms of a global neutron
strategy that was endorsed by the OECD Ministerial
Conference in 1999. The OECD recommended to maintain
and refurbish a number of smaller sources and to extend and
upgrade further the use of ILL and ISIS. But on the top of that
an advanced European neutron source should stand
alongside complementary third generation neutron sources in
America and Asia. Both the US and Japan have adopted
these recommendations and are now, in 2002, well advanced
with the design and construction of their own advanced
regional sources (the SNS and JNS respectively).

IV. The ESS project

The ESS project, established in the early 1990’s, is the
European quest for excellence in neutron science. Taking into
account the developments in reactor technology, and
foreseeing the difficulties in this field, the European approach
was based on the rapid advances in accelerator technology in
the 1980’s. This suggested the feasibility of a 5 MW LINAC
driving a spallation neutron source. The concept offered an
effective increase in performance in most applications of
between 10 and 100 over existing neutron sources. This
would represent by far the greatest single increase in source
performance since the early 1950°s. The implications for
neutron scattering science are clearly profound.

By 1997 the scientific case for the ESS was published,
together with the technical design, [5,6,7]. Indeed the ESS
design had reached such an advanced state that the United
States adopted the principal design features as the basis for
their own SNS project. Construction of the SNS started in
1999, but unfortunately there has been no parallel advance of
the ESS project within Europe.

Since the end of the feasibility study in 1997 several important
developments have taken place:
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1. It became clear that reactor based neutron sources have

reached their ultimate design state with the ILL, i.e. the generation neut

ESS should not only be the next generation spallation
neutron source, but the next generation neutron source of
all types.

2. Scientific research has developed and the use of neutron
scattering has spread to new fields.

3. R&D has been carried out on many of the critical technical
issues that were identified in the feasibility study.

4. Superconducting (SC) accelerator technology has
progressed considerably. The ESS project has
collaborated with the CEA on a feasibility study for a large
(25 MW) SC proton accelerator feeding up to 5 target
stations for different communities and purposes
(CONCERT) [8].

5. Both the USA and Japan have started construction of next
generation spallation neutron sources and they will define
as of 2006 a new competition arena in neutron scattering,
taking away the edge of Europe’s best sources.

In the Project Proposal Phase of the ESS project, the ESS
Council has responded to these points. It has defined as its
target to deliver a technically feasible, scientifically challenging
and costed ESS project proposal to the European
governments in 2002.

It objective is “to design and construct a European next
generation spallation source, that upon completion will be the
best neutron source worldwide for all classes of instruments.”

A Scientific Advisory Committee (SAC) was established not
only including a broad assembly of European scientists, but
also members representing the SNS and JP science parts.
The SAC has reassessed the ESS proposal from 1996. At the
ESS-SAC/ENSA Workshop in Engelberg [9] it was very clearly
demonstrated that, in order to meet this objective, the ESS
would need to have both a short pulse target station (SPTS,
50 Hz, 1.4 us, 5 MW) and a long pulse target station (LPTS
16°/3 Hz, 2.0 ms, 5 MW).

This requirement provided a challenge for the ESS accelerator
task group to design a LINAC which could deliver 2.0 ms long
1.3 GeV pulses, of 110 mA peak current, interleaved between
the 50 Hz pulses.

The choice between a normal or superconducting high energy
part of the LINAC is by no means trivial for a high current
pulsed accelerator. As a consequence the ESS project has
deliberately followed two different paths. The first is to revise
the 1996 ESS accelerator proposal, taking into account recent
R&D work. The second is to investigate a SC version based
on the ESS-CEA CONCERT study [8]. The ESS Technical
Advisory Committee (TAC) comprising experts from a large
number of major facilities all over the world has reviewed them
in January 2002. Its assessment is that both designs are
capable of delivering the required performance. Details of the
1-16
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R&D results for the accelerator, target and instruments are
given in Volume Ill of this report. Table 1 lists the main

parameters.
Table 1:
Parameters of the ESS facility
ESS beam parameters*
Particles Protons
Kinetic energy 1.334 GeV

Beam cross section

Elliptical 6 x 20 cm?
2D-parabolic beam density distribu

Average current SPTS /LPTS

3.75 mA

Average beam power SPTS / LPTS

5 MW / 5MW

Peak current SPTS / LPTS

62.5A/112.5 mA

Pulse frequency SPTS/LPTS

50 Hz / 16%/3 Hz

Pulse width on SPTS /LPTS

1.4 us (2 x 600 ns with 200 ns gap)

* Parameters referring to the SC version of the LINAC

ESS mercury target stations performance paramete

Beam power on targets

5 MW at 50 Hz, 1.4 ps short pulses/
5 MW at 16°/; Hz, 2 ms long pulses

Target material

Mercury

Target type

Liquid flow target

Target container

Martensitic steel

Moderators (reference case)

H.O at ambient temperature, couple
Liquid H, at 20 K, coupled/decouple

Reflector (reference case)

Lead, D,O cooled

Heat deposition in target

2.80 MW at each of the two targets

Local peak power deposition in
target material (time average)

ca. 2.5 kW/cm?®

Induced specific radioactivity at saturation
for a 15 ton Hg-system

8.0 GBq/g at shutdown; 2.3 GB

Specific after heat of the target material

0.67 mW/g at shutdown; 0.13

Neutronic performance of coupled H,O- moderators at 5 MW beam

Average thermal neutron flux
density for 5 MW on target

3.1 x 10" neutrons(cm? s)

Peak thermal neutron flux density

SPTS: 1.3 x 10" neutrons / (cm® s
LPTS: 1.0 x 10'® neutrons / (cm? s)

Decay time of flux density (dominant mode)

150 us
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With both a short and a long pulse target stations the layout of
the facility has changed. The long pulse target station, albeit
very similar to the short pulse target station, allows substantial
phase space tailoring of the neutron beams by reflector
design, choppers and neutron optics, thus providing scope for
novel instrumentation.

The two target stations (Table 1) (short pulse target station
(SPTS), repetition rate =50 Hz, 1.4 ps and long pulse target
station (LPTS), repetition rate = 16%/3 Hz, 2.0 ms) will share
the proton pulses. Figure 4 shows an artist's view of the whole
facility. All accelerator facilities (LINAC, 180° achromatic bend,
compressor ring and beam transport line) will be buried under
concrete and dirt shielding.

Figure 4: Artist’s view of the ESS facility showing the LINAC building with
an achromatic 180° bend leading to the compressor ring, from
where the beam is distributed to the SPTS. The LPTS is directly
connected to the LINAC.

In the first phase the instrumentation development task group
of the ESS project assessed the performance of a set of
generic instruments, assumed to be of well established
design, for the various target station options considered. This
evaluation served the dual purpose of supporting the scientific
case and providing input for the selection of the target station
configurations.

In the second phase innovative concepts of neutron
extraction, beam tailoring and instrumentation have been
investigated. A common goal is to optimise the instruments so
that they benefit fully from the effective pulse lengths, pulse
repetition rates, wavelength bands, beam divergences, etc.
This can provide gain factors significantly higher than just
using of the source power in a more straightforward manner.
Pulse shaping, beam delivery optics and multiplexing are
typical notions that we will be concerned with. Some of these
have not yet been fully realised anywhere, but test results
have been used as design assumptions in the evaluation of
ESS instrument capabilities (such as using fast disc choppers
to shorten pulse lengths). This was justified on the basis of
ample experience with similar devices at continuous reactor
sources. Others are opportunities to be explored in the future.
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In comparison to the best instruments existing today at reactor
or spallation sources, the proposed two 5 MW (SPTS and
LPTS) target stations will enable a 50-1000 fold increase of
sensitivity in most experiments. The box “Instrumentation
opportunities at ESS” displays important and novel
instrumentation ideas.

Figure 5 outlines the phases of the ESS project. In 2001 the
ESS design parameters were fixed and the documents
presented now (May 2002) constitute the ESS project
proposal. Further work on the details of engineering and
costing will lead by the end of 2003 to an engineering
baseline. A goal has been set to arrive at a decision on
funding and constructing ESS by the end of 2003/early 2004.
That will include a decision on the site. Preparatory work on
site independent requirements has also been carried out and
led to several expressions of interests, from both green field
sites and sites taking advantage of already existing
infrastructure. Such a time schedule will allow first scientific
experiments to start in 2011/2012. From the beginning of 2013
the ESS will then move into regular operation mode serving
European neutron scatterers.
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Figure 5: Outline of project phases.

V. Scope, procedure and content
The general scientific case for neutron scattering was
described in the Autrans report, published by the European
Science Foundation (ESF) and the European Neutron
Scattering Association (ENSA) [1]. This report investigated the
future potential of neutron science taking into account the
other techniques available for the study of condensed matter
and bio-materials. The present scientific case for the ESS
complements and extends the earlier ESS scientific case,
which was published in 1997 in connection with the feasibility
study [6]. While the earlier report covered the full breath and
width of neutron science, here we have emphasised high
profile experiments or “flagship” scientific areas.

Chapter 2 of this document deals with the ENSA ‘neutron
landscape’, representing the view of European users of
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Instrumentation
opportunities at ESS

Chopper Spectrometers

Chopper spectrometers provide the ability to collect data over a wide
range of energies. Chopper spectrometers at the ESS will cover the
high, thermal and cold neutron energy regimes. Use of state-of-the-
art arrays of choppers will provide unprecedented flexibility in the
optimisation of flux and resolution which, coupled with the high
neutron flux from the source, will yield gains in performance over
existing sources of up to three orders of magnitude.

107 e
ESS
CORTS —] Backscattering Spectrometers
Ng f‘ Backscattering spectrometers at the ESS will dramatically outperform
< 0 RE existing, equivalent instruments in terms of both flux and range.
X IN13 Arrays of pulse shaping choppers, combined with coupled modera-
T 100 | |IN16 hd tors will allow the tuning of resolution and range to suit specific
l experimental conditions.
1000

Energy Resolution (ueV)

Diffraction for Physical and

Chemical Crystallograhy

Powder and single crystal diffractometers at the ESS will com-
bine the high source flux with novel instrumentation techni-
ques to reduce counting times of as little as fractions of a
second, allowing the real-time monitoring of reactions and
the study of very small sample volumes.

Diffraction for the Life Sciences

The high neutron flux of the ESS will provide new opportunities for
structural studies in the life sciences. Two instruments specifically
designed for large molecule crystallography are included in the refe-
rence instrument suite.
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Quantum Leap in Performance

ESS will combine highest source power, innovative lay-out with two comple-
mentary target stations, most advanced beam extraction and beam delivery
techniques and novel instrument design concepts. The cumulative results
make ESS instrument performances up to more than three orders of magnitu-
de superior to that of best to date counterparts. ESS will also largely out-per-
form other projected next generation spallation sources, for example in small
angle scattering (SANS) by at least about an order of magnitude, due to its
uniquely high power per pulse at the long pulse target station.

New Techniques for Unprecedented Resolutions

ESS target design opens up the way for using new tools to produce extremely short and sharp pulses
to achieve hitherto not feasible resolutions. At the long pulse target station fast mechanical choppers
can provide nearly an order of magnitude shorter cold and thermal neutron pulses than otherwise
possible. Diffraction experiments in the ultra high resolution range of 10° will reveal currently
not accessible material properties.

7

New Quality Multi-spectral Beams

Conventional beam lines deliver optimal neutron spectra in a restricted neu-
tron energy/wavelength range, for example either thermal or cold. A number
of ESS beam lines will be equipped with a recently invented beam extraction
system and simultaneously provide both thermal and cold neutron spectra.
This will open up the way to do very broad dynamic range experiments of
unprecedented quality in a single run.

Enhanced Instrument Design Concepts
ESS instruments will take advantage of novel design
sample concepts and techniques, which will allow them to uti-
lize the high source flux with further enhanced effi-
ciency. For example the repetition rate and wavelength
- frame multiplication methods make possible to extract,
if needed, several pulses impinging on the sample from
each source pulse, instead of just one. The combinati-
on of highest source power and innovative, improved
_instrument design is the key to make ESS an unprece-
time  dented leap forward.

»

distance

|

More Efficient Beam Delivery

ESS beam lines will make extensive use of advanced neutron optical beam deli-
very systems using supermirror coated neutron guides of sophisticated design.
Converging neutron guides penetrating the beam shutters will provide much
enhanced short wavelength neutron beam intensities on the samples and low
loss ballistic neutron guides will transport full thermal and cold beam intensi-
ties to 200 — 300 m distances to achieve by now unthinkable resolutions.
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neutron facilities. European neutron sources have been
classified in three tiers, with the ESS being seen as the
centrepiece (top tier) for several decades.

Chapter 3 outlines instrumentation opportunities at ESS,
explaining in particular novel approaches in the use of coupled
moderators at the long and short pulse target stations.
Neutron beam extraction and transport, together with various
multiplexing techniques, will play a major role in the
optimisation of neutron use at ESS. The instrumentation
aspects of ESS were considered by nine expert groups, which
met at workshops in Heathrow in February 2001 and in
Grenoble in March 2002. A number of topical workshops on
particular instrumentation issues were also organised. Initially
the instrumentation groups inspected the performance of
generic instrumentation at the different ESS target stations. In
this way the potential of the source was evaluated. These
instrument performances served as the basis for a realistic
(conservative) assessment of scientific opportunities at the
ESS. The instrument groups then concentrated on prioritised
“day one” instrumentation, examining novel concepts in the
exploitation of the different target stations. The basic concepts
are discussed in Chapter 3, while the instrument layouts and
performance descriptions are given in Volume V.

Chapter 4 is devoted to the disciplinary scientific cases for the
ESS. It is based on an analysis of future trends in the different
scientific fields served by the ESS. We have identified those
areas where the ESS will have a significant or decisive impact
on scientific problems that cannot be solved today. These are
the flagship areas that have already been highlighted. Likely
future scientific developments were assessed by eight
disciplinary science groups, convened by members of the
ESS-SAC. This assessment of the scientific opportunities
relied on the evaluation of the performance of generic
instrumentation at the ESS. The chairman and several
members of the European Neutron Scattering Association
(ENSA) were involved in the different science groups.

Chapter 5 deals with the complementarity of neutron
scattering and other techniques. This was considered by a
group consisting both of neutron users and members with
expertise in relevant complementary techniques (synchrotron
radiation, NMR, light scattering etc.). The outcome of these
considerations underlines earlier findings of the ESF [1]
stating that “Synchrotron radiation techniques and radiation
sources cannot replace neutron techniques and neutron
sources ... . Even in the long term both techniques and
advanced radiation sources including instrumentation of both
categories are indispensable to Europe’s lead in science
research and technical applications as the two techniques
cannot replace each other (nor be replaced by third
methods)”.

Chapter 6 addresses the impact of ESS on the solution of

more practical problems, which are targeted in the

development of applied science and technology. Such
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problems are the subject of priority research missions in the
framework programmes of the EU, or of foresight themes
promoted by different European governments. The ESS-SAC
selected seven themes for detailed consideration:

e Microsystems and Information Technologies
e Functional Materials

e Health and Biotechnology

e Nanotechnologies

e Cultural Heritage: Artefacts and Materials

e Traffic and Transport

e Sustainable Development; Clean Technologies and
Environmental Systems

Finally, in chapter 7 we outline the inter-relations between the
development of the scientific case, the instrument design and
performance assessment, and the ESS design. The decision
between the different target options was based on the
development of the scientific case. The instrumentation
opportunities and instrument priorities were set in the second
step. These priorities in turn determined the optimisation of the
target moderator complexes at the long and short pulse target
stations.
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Abstract

The European Neutron Scattering Association has evaluated the infrastructural support for neutron scattering
research within Europe over the next two decades. ENSA has concluded that the long term future of European
neutron scattering, and the preservation of Europe’s lead on the world stage in neutron scattering, and
consequently its highly competitive position in condensed matter science and technology, can be secured only
through the provision of a European Spallation Source operating as a flagship facility at the hub of a network of
fully optimised regional neutron sources. ENSA’s recommendations for an optimal neutron landscape, structured

as a three tier hierarchy of neutron facilities, is presented and discussed here.

l. Introduction

Neutron scattering is a ubiquitous tool which plays a crucial
infrastructural role in underpinning much of condensed matter
science and technology within the disciplines of physics,
materials science, chemistry, the life sciences, the earth
sciences and engineering. Consequently there is little doubt
that Europe can legitimately claim a significant strategic
advantage in these fields of research. Not only does Europe
boast the world's premier neutron scattering sources but also
Europe hosts the largest, most experienced and broadest-
based community of neutron beam users. Indeed almost 5000
neutron scatterers, over two thirds of the world's total number,
reside in Europe and exploit European neutron facilities.

It is therefore tempting to conclude that European neutron
scattering science is currently enjoying a "golden age". From a
short-term perspective such a view is well justified: the
European neutron scattering community can be proud of its
achievements, and confident in its world lead. Unfortunately, a
medium- to long-term perspective reveals that this lead is not
unassailable.

On the one hand Europe in particular faces the impending
reality of the much discussed "neutron drought", originally
forecast in a 1994 Analytical Report commissioned by the
OECD Megascience Forum. This drought is a direct
consequence of the continuing expansion of a multidisciplinary
neutron scattering community alongside a progressive and
inevitable closure of aging neutron research reactors.

On the other hand, a very serious challenge to European
scientific and technical supremacy in the field of neutron
scattering has been mounted both by the USA and Japan,
both of whom are well advanced with their own plans to
alleviate their local "neutron droughts" through major financial,
scientific and technological investments in third generation
advanced neutron spallation sources alongside a commitment
to the simultaneous upgrading of their existing world class
neutron facilities.
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The action being taken by the USA and Japan is in full accord
with the explicit recommendations of a 1998 OECD
Megascience Forum report, subsequently endorsed by the
OECD Ministerial Conference, that first class neutron sources
should be upgraded, and that a new third generation MW
spallation source should be constructed in each of the North
American, Asian and European regions.

Meanwhile, Europe is also undertaking a continuing and
vigorous programme of optimisation, development and
increasing exploitation of existing second generation neutron
beam facilities. However, whilst the USA and Japan will have
completed their spallation source projects by 2006, Europe
has still not made the political and financial commitment to
construct its own third generation MW spallation source. It is
clear that without such a commitment the centre of gravity for
neutron scattering science of the very highest quality will have
shifted from Europe by 2006. Ironically, this is precisely a
decade after the European Science Foundation, in a strong
endorsement of the European neutron scattering community,
declared “Finding the optimum means to address the
continuing needs of this wide and strategically important R&D
community group in both the medium and long term within the
scientific-technical-strategic and economic opportunities in
Europe should be a matter of the highest priority, ensuring the
health of many fields of European R&TD and the European
lead achieved in the past”.

Against this background of a dramatically changing global
neutron scattering scene the European Neutron Scattering
Association (ENSA) has surveyed the current status and
future potential of neutron scattering science and neutron
facilities within Europe, with a view to establishing a coherent
strategy through which the future of European neutron
scattering research can be secured. In so doing, ENSA has
adopted a twenty year perspective embodying the analysis
and recommendations of the 1998 OECD Megascience
Forum, whilst also embracing the philosophy of the EU
Research Area Initiative, and in particular including the
principles of open access to strategic research infrastructures.
A summary of ENSA’s twenty year perspective of the
emerging European neutron landscape is presented here.

Il. The European neutron landscape

Considering the European neutron landscape as it is spread
before us at the beginning of the 21st Century, it is clear that
the two most prominent landmarks are the Insititut Laue
Langevin (ILL) in Grenoble and ISIS in Oxfordshire. These two
sources, as the world’s leading high flux reactor facility and
the world’s most powerful spallation neutron source
respectively, have together set the standards for neutron
scattering on a global scale.
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Over the last thirty years ILL has established an excellent
working model of multinational European collaboration in
neutron scattering science. Similarly ISIS, although principally
the UK’s national facility, is partially supported by European-
wide collaboration and funding. According to the 1998 ENSA
survey of neutron facilities these complementary and world
dominating neutron facilities together account for almost 40 %
of all applications of neutron beam techniques to condensed
matter science and technology within Europe.

Sited within the wider Europe landscape there are in addition
a number of world class medium flux national neutron
sources, together accounting for a further 40 % of neutron
beam applications, whilst the remaining 20 % of neutron beam
allocations are provided by several smaller national, (and even
university owned), low flux neutron reactor sources.

All of these national neutron facilities have played crucial roles
in the development of European neutron scattering and now
they successfully meet specific requirements, several at a
European level and some at a local level, for neutron
scattering  instrumentation, technique and software
development, engineering standards, training and ease of
access. Some also serve national strategic needs beyond
neutron scattering science, for example in medical isotope
production, radiography and material irradiation.

Many of these national medium and low flux sources have
already developed, or are in the process of developing,
extensive multinational collaborations, and many have also
adopted policies of open international access, in some cases
supported financially by EU programmes. Indeed, extensive
co-operation and collaboration between all of the European
neutron facilities has engendered a healthy exchange of new
concepts in instrumentation, of highly trained and well-
motivated personal, and of extensive scientific programmes.

The complementarity of neutron sources and instrumentation
across the breadth of Europe has enabled a well informed and
well supplied user community to choose those facilities most
appropriate and optimally suited to the specific scientific
problem in hand. There is no doubt that condensed matter
science and technology of the very highest international
standard has been, and still is, produced at each one of
Europe’s neutron facilities, from the smallest national or
university research reactors to the most powerful multinational
sources.

However, moving forward twenty years from now we find a The Europe.
European neutron landscape that has changed considerably. landscape in 202
It is within this changing, and indeed significantly eroding, strategic role an
landscape that the strategic role and positioning of a third positioning of a
generation European MW Spallation Source must be generation E
considered. Spallation.
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According to OECD predictions, in the absence of major
upgrades many of Europe’s medium and low flux neutron
sources which at present are fully integrated features of the
European neutron landscape will either have ceased operation
or will be approaching the end of their projected lifespan. The
national facilities which may be lost over the next twenty years
include IRl Delft (The Netherlands), Studsvik (Sweden),
Geesthacht and Jilich (Germany), LVR-Prague (Czech
Republic), Kjeller (Norway), Swierk (Poland) and Moscow,
Ekaterinburg and Gatchina (Russia). The sudden and
unexpected closure of the important European neutron
scattering centre, the DRS3 reactor at Risg (Denmark), in the
autumn of 2000 is testimony to the reality of impending
neutron drought. DR3 was as much a loss to the wider
European community as it was to the Danish neutron
scattering community.

The medium flux facilities which are likely to remain
operational for the next twenty years and beyond are BENSC-
HMI (Berlin, Germany), IBR-Il (Dubna, Russia), LLB (Saclay,
France), BNC (Hungary) and SINQ (Villigen, Switzerland).
Each of these facilities are, and will remain, powerful world
class neutron sources with neutron scattering user
communities and collaborations which extend across Europe.
It is expected that they will soon be joined by FRM-II (Munich,
Germany), a major new 20 MW reactor facility for which an
operating license from the German government is eagerly
awaited.

Together these five national neutron sources are ideally
placed, both technically and geographically, to assume
significant and complementary roles within an evolving
integrated European-wide network of fully optimised regional
facilities. Such a network should provide ease of access to
high quality neutron beams and instrumentation. Moreover, it
is conceivable that the internationally competitive Austron
project, a 0.5-megawatt spallation neutron source planned by
Austria, may also reach fruition, joining the European network
of regional sources as an important Central Europe
component.

If the network of regional sources is considered as the first tier
of a hierarchy of European neutron scattering facilities, then
ILL and ISIS together must constitute the second tier. There is
litle doubt that a suitably refurbished and optimised ILL will
retain a dominant position as the most powerful reactor facility
in the world, perhaps further enhancing its European
dimension through an evolving structure of multinational
partnerships. ISIS, though eclipsed in performance in many
areas of application by SNS and JSNS, will also remain an
extremely powerful European facility, maintaining a major
presence on the world stage, aided in particular by the
anticipated investment in a second target station, ISIS-II,
together with an associated suite of advanced neutron
instruments.
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In a global context the emerging European neutron landscape
is therefore rather bleak. At very best it represents a baseline
scenario which will result in an entirely unacceptable decrease
in the available neutron instrumentation suite and a
corresponding erosion of the breadth and capability of neutron
scattering and the cutting edge European condensed matter
science and technology which it both drives and supports. It is
inevitable that the most challenging problems in condensed
matter will be addressed not in Europe, but in the US and
Japan where the advanced third generation spallation sources
will be operational. It is to these new centres of neutron
excellence that Europe’s highly trained and energetic neutron
scientists will undoubtedly migrate.

The European Neutron Scattering Association has recognised
that in both the quantity and quality of its neutron beam
provision the two tier hierarchy of surviving European neutron
facilities will, in isolation, fall far short of the increasingly
stringent demands and expectations of the European
condensed matter science base. Not only will the European
lead in neutron scattering be lost, but European
competitiveness in the field will also be seriously challenged.
Consequently the eighteen national delegates to ENSA have
unanimously and emphatically endorsed and embraced the
European Spallation Source Project as the only realistic
solution for securing the future of a key European scientific
and technological strength.

ENSA views the European Spallation Source as a truly
multinational flagship facility at the hub of a powerful and
mutually supportive network of regional neutron sources. As
the third and uppermost tier of the hierarchy of neutron
facilities ESS will provide Europe with neutron beams and
advanced instrumentation of unrivalled quality.

The role of the ESS in condensed matter science and
technology will in many respects be analogous to that of the
Hubble telescope in astronomy. The Hubble is changing our
perception of the "outer universe", enabling us to see deeper
and with greater clarity than ever before, -elucidating
phenomena that were previously at the limits of detection and
revealing new phenomena beyond those limits. The ESS will
similarly facilitate neutron scattering studies that will change
our perception of the "inner universe", revealing new scientific
phenomena and technological functionality through the deeper
characterisation of the structural and dynamical properties of
matter across all of the scientific disciplines.

Moreover, just as the Hubble telescope functions most
efficiently as part of a network of less powerful ground-based
observatories, so the efficiency of the ESS will be enhanced
by the supporting two tier structure of European neutron
facilities, each member of which will continue to play a crucial
role in front rank studies of phenomena for which the power of
ESS is not essential. Just as at present, the appropriate
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neutron source will be chosen according the particular
demands and complexity of a specific problem.

In summary therefore, ENSA, taking a twenty vyear
perspective, considers that the only viable European Neutron
landscape is that which embodies a three tier hierarchy of
neutron facilities. As the first tier, BENSC-HMI, IBR-Il, LLB,
SINQ, BNC, FRM-II and possibly Austron, operating as a
network of regional facilities, will provide ease of access at
both national and regional levels whilst also helping to satisfy
the growing demand for neutron beams at a European level.
ILL and ISIS, the current European flagship facilities, as the
second tier of the hierarchy, will provide internationally
competitive and high quality neutron beams with which
problems at and just beyond the threshold of current
capabilities will be tackled. However it will be the ESS as the
new flagship source, and the uppermost tier of the hierarchy,
that will open the new and exciting vistas in condensed matter
science and technology across all disciplines.
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Advances by Innovation and Building on Experience

F. Mezei
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Abstract

Tremendous progress in neutron scattering research capabilities has been achieved over the past half century
primarily by the development of the performance of the instrumentation, both in terms of new concepts and
approaches and advances in components, such as detectors. Over the same period of time the brightness of
neutron sources only increased by a modest amount. ESS will offer an unprecedented jump of some two orders
of magnitude in a crucial source performance parameter, the instantaneous peak flux during the pulses compared
to the leading continuous or pulsed neutron sources existing today, while in terms of time average flux it will equal
the most powerful continuous sources. The pulsed character allows for a more efficient use of the total number of
neutrons produced, and this efficiency differs from one application to another. The goal of the ESS project is to
combine the vastly enhanced, unique source quality with the most advanced instrumentation concepts and
techniques to achieve a quantum leap in neutron scattering research opportunities well beyond what could be
achieved by concentrating only on enhancing the source performance or only trying to further develop
instrumentation. The results of the combined effort as characterised by the sensitivity of observing small signals
(which is the main limitation in the use of neutron scattering techniques in general) are found to amount to as
much as three orders of magnitude in some unique core applications and more than two orders of magnitude in
the majority of neutron scattering work. To achieve this huge step forward, well comparable to the progress
expected from the realisation of large free electron lasers in X-ray research, we need to vigorously advance
neutron scattering instrumentation techniques together with the source performance. Extensive experience
accumulated over the past 5 decades of using continuous reactor sources and nearly 3 decades of progress with
pulsed spallation sources provides a solid and sophisticated basis for this effort. The utilisation of innovative
concepts will further enhance the efficiency of using source power in the actual experiments. Examples discussed
below include enhancement of the efficiency of extracting and transporting neutrons from the source to the
sample by advanced neutron optical means and sophisticated, so called multiplexing, techniques which allow us
to optimise the efficiency gains by the pulsed character of the source simultaneously for a large number of
instruments with very different characteristics. As a result ESS will not only surpass all other neutron sources,
existing or being built by its higher neutron brightness achieved by more proton beam energy per pulse, but it will
further enhance this advantage by a more efficient use of the neutrons produced.

l. Introduction

Since the groundbreaking work of B. Brockhouse at Chalk Neutron production power
River in the 1950's the thermal flux performance of neutron grew little in the last 4
sources only progressed by now by a mere factor of 4. decades.

Actually all this progress was accomplished a long time ago,

by 1972 with the commissioning of ILL. The obvious and huge

progress since Brockhouse’s time is thus not primarily due to

advances in source performance in terms of the number of

neutrons produced, but to developing ways of using these

neutrons more efficiently. This has been achieved by the Spectacular progress was
evolution of neutron scattering instrumentation techniques and achieved by advances in
the development of specific neutron moderators, the hot and instrumentation.

cold sources, in order to enhance the neutron flux at energies

above and below the thermal energy range. As the next

decisive step in the evolution of neutron sources, ESS will

offer a quantum leap in neutron science. It will provide for an

enhancement in source performance for the different

applications by factors between 10 and 100 compared to the

best available today at any existing neutron source of any

kind. This progress is a lot more than it has been achieved by

now since the pioneering days of Brockhouse. It will ESS goal: quantum leap
essentially be accomplished by improving the efficiency of in performance compared
use, and not primarily by producing more neutrons. Indeed the to-all existing neutron
time average flux of ESS will be comparable to that of ILL, and sources ...

its pulsed character will allow us to make use of these
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neutrons in a 10 to 100 times more efficient way.

This goal of the ESS project, to provide at least about an order
of magnitude enhanced neutron beam performance compared
to any existing source, however, cannot be achieved with
existing and established techniques. Indeed, on some reactor
instruments up to 15 % of the neutron spectrum hits the
sample, so a 30 fold increase of the power compared to ISIS
alone would be just enough at best to break even with ILL for
these kinds of instruments. For ESS we also need to develop
new, more efficient approaches both in neutron production
and moderation and in instrumentation. Actually these two
aspects are closely related, innovation in source performance
will call for new instrumentation concepts and new instrument
design approaches will allow us to better use the potentials of
the source, also by relaxing some design requirements for the
target / moderator system, which are hard to meet or unduly
detrimental to neutron intensity.

As in the past, a key feature of enhancing the efficiency of
neutron sources is to improve the neutron moderators. Current
spallation neutron instruments face neutron moderators
optimised for producing short neutron pulses by limiting the
time allowed for neutron thermalization with the help of
neutron absorbers placed around and/or inside the
moderators. The enhanced efficiency of neutron use at ESS
will also have to include implementing more efficient, so called
coupled moderators. The first two of this kind have recently
been installed at Lujan Center in Los Alamos, now making this
source about 2 times as bright as ISIS at half the accelerator
beam power. The higher moderation efficiency of these
moderators is accompanied by longer moderation times, with
significant neutron intensities emitted for up to 3 —4 ms after
the beginning of the pulse. As of today, there is no experience
available with the use of such long pulses.

Another option to enhance neutron production efficiency, in
particular in view of the long moderation times in coupled
moderators, is to avoid the compression of the ms long linear
accelerator pulses to us length short pulses by proton storage
rings. The ESS design goal of 100 kJ total proton energy per
short pulse is certainly at the technological limit both in ring
accelerator design and material strength. By making economy
of the pulse compression rings, up to some 500 kd beam
energy per pulse becomes feasible in 2—-3 ms long linac
pulses. The ESS long pulse target station will receive 300 kJ
energy in 2 ms long pulses. Again, as of today, we have no
practical experience with the production and use of such long
pulses.

The great achievements of spallation sources by now, in
particular I1SIS, offers a solid base for planning ESS. On the
other hand, to achieve ESS goals we also need to
complement the established techniques by novel approaches
for more efficient neutron moderation and production, such as
coupled moderators and long pulses. It turns out, that the
powerful instrumentation techniques developed at steady state
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reactor sources provide a number of technical opportunities
for the use of these options.

By now one of the main goals of the Instrumentation Task
Group was to assess expected instrument performance on
ESS. The results are contained in the reports of the 9
instrument groups [1]. In order to be on the safe side, this task
was deliberately based on prudent extrapolation from
established approaches and conservative estimates of the
performance of the novel kind of moderators, namely the
coupled ones and those on the long pulse target station.
Nevertheless, it is fair to think that in nearly 10 years from now
innovations and new ideas to emerge in the meantime will
also play a major role for the instruments that will really be
built.

This first instrument performance evaluation served as input
data for establishing the scientific potentials of ESS and to
help to decide the basic ESS parameters on the basis of the
scientific case, the expectations of the broad scientific
community of users. This effort led in the first place to the
definition of the accelerator parameters and the dual target
station, 50 Hz, 5 MW short pulse and 16%/3 Hz, 5 MW long
pulse general layout. While deliberately staying on the
conservative side when evaluating the expected performance
of ESS experimental facilities, it is a central goal of the ESS
project team to systematically explore all possibilities to further
enhance this performance by the use of novel and more
efficient approaches. It also includes the optimisation of
moderator design and layout, to devise most efficient beam
extraction and beam delivery system to transmit neutrons from
the source moderators to the samples, to conceive instrument
design concepts that allow the instruments to take best
advantage of the crucial source parameters, such as pulse
length and pulse repetition rate and to develop enhanced
performance, more efficient and more economic
instrumentation tools and components. The goal of this report
is to describe a number of novel general instrumentation
concepts and paradigms that open ways for ESS to set new
standards in neutron scattering research not only by its higher
accelerator power but also by the enhanced efficiency of
turning this power into scientific opportunities at the
instruments.

Il. Moderator performances

The instrument assessment effort of the Instrumentation Task
was based on a set of assumed moderator parameters, which
have been established in collaboration with the Target and
Moderator Task Group in December 2000 [2]. In what follows
we will refer to this moderator data base as "Dec. 2000"
compilation. At that time no detailed neutronics calculations of
the ESS target-moderator system were available, and the
compilation was based on calculations made at SNS, Los
Alamos and in Japan, and also on performance estimates of
existing sources. The most complete and most recent of these
calculations, those made at SNS, were given the most weight.
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Neutronics calculation studies of a variety target
configurations by the ESS Target and Moderator Task Group
have shown in the meantime, that these "Dec. 2000"
estimates are rather close to what can be ultimately expected
from moderator systems with proven feasibility (within less
than 50 %, both in terms of neutron intensities and pulse
lengths). On the basis of this additional validation, these
moderator parameters are being continued to be used as ESS
reference until the end of 2003, when the final ESS moderator
performance calculations will become available, which will
take into account all engineering details of the target /
moderator system as it will be built. The process of the
definition of the final target / moderator system design is
pursued in close collaboration between the Target and
Moderator and Instrumentation tasks.
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Figure 1: Example of ESS reference neutron pulses in the beam lines for
the various cold (liquid Hz) moderators considered. [2]. For the
three short pulses the proton pulse length is negligible (<2 us).
The steady state flux of ILL is 6.10"" in the same units and at the
same wavelength. The proton beam energy is assumed to 100 kJ
per short pulse and 300 kJ per long pulse.

For short proton pulses three different types of moderators are
envisaged (poisoned de-coupled, de-coupled and coupled),
which provide different neutron pulse lengths (Figure 1). For
ms long proton pulses the neutron and proton pulse lengths
are effectively the same (not the pulse shape though) and
therefore only the brightest (coupled) moderator needs to be
considered.

One important difference between the current ESS reference
design and SNS is that ESS assumes the use of Pb reflector
around the target and moderators and SNS a composite
reflector, consisting of Be in the inside and Ni or Fe outside.
Pure Pb reflector provides for higher time average flux from all
moderators, however the pulse lengths, primarily those of the
thermal moderators also become larger. The final decision on
the ESS choice of reflector therefore will have to be made
after careful consideration of the advantages and
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disadvantages for the reference suite instruments on both

target stations.
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Figure 2: Peak (top) and time average (bottom) flux of reference ESS

thermal neutron (ambient water) moderators as a function of
wavelength [2] compared to the steady state flux of the various
ILL moderators [3]. For the short pulses 5 MW time average
proton beam power is assumed at 50 Hz pulse frequency and for
the long pulse the same 5 MW power at 16%/3 Hz.

Comparison to existing sources, namely to ISIS and ILL was a
basic goal of the performance evaluation by the Instrument
Task Group. Concerning ISIS, this is based on the assumption
that the ESS de-coupled moderators will provide 30 times the
flux at similar line shape to the corresponding ISIS decoupled
moderators. ISIS does not have coupled moderators (which
are now foreseen for a projected second target station at
ISIS), so the time average flux of the brightest (coupled) ESS
moderators is expected to amount to about 120 times that of
the ISIS un-poisoned moderators today, at 2-3 times longer
pulse lengths. A comparison to ILL is part of the “Dec. 2000”
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compilation. It is based on the flux data published in the ILL
"yellow book" [3], which refer to neutron fluxes measured in
the various ILL beam tubes and guides at considerable
distance from the reactor core. Due to the Liouville theorem
the flux is independent of the position it is measured at, as
long as there is no beam attenuation due to interaction with
materials, such as beam windows or neutron mirrors. The time
average neutron flux at 5 MW ESS power was estimated in
“Dec. 2000” to be equal to that of ILL for coupled cold (liquid
H,) moderators and about 50 % that of ILL for coupled thermal
(ambient H,0) moderators (Figure 2). In contrast, the peak flux
of the ESS poisoned moderators will achieve 30 — 60 times
the steady state flux of ILL, and that of the coupled ones some
60 — 120 times, depending on neutron wavelength. For the
various experimental applications, the effective useful flux of
ESS compared to a continuous source will thus range
between the ratios of the average and the peak fluxes, i.e.
from 0.5 to 120 in the case of comparing to ILL.

The hot (epithermal) neutron flux is a special case. While in
this, under-moderated regime the peak flux of ESS is more
than 100 times superior to the steady state flux at ILL, the time
average flux is some 10 times less. The former assures great
performance for pulsed sources when good hot neutron
wavelength resolution is required, e.g. in powder diffraction.
In contrast, the latter only offers modest capabilities in single
peak analysis on single crystals in such trademark neutron
polarisation analysis work (e.g. CRYOPAD). Implementing a
hot moderator on ESS would alleviate this deficiency,
however, the alternative suggestion of installing a beam-line
viewing directly the Pb reflector, rather than a moderator,
appears to be a much superior (and by now untried) solution
[4], which needs to be explored by neutronics calculations in
the near future.

The moderator performances of “Dec. 2000” assume that
each moderator is located at the most favourable position next
to the target. This position is well defined in space, in
particular within some 5 cm in the direction of the proton beam
hitting the target. Therefore only two moderators on a target
station can occupy the brightest position, one below and one
above the target. Placing 4 moderators on a target station
necessarily reduces the flux of all 4 moderators by amounts
between approximately 10 — 40 %. It is a design choice how
the reduction is distributed between two moderators behind
each other, e.g. trying to maximise the flux of one of them
(usually the upstream one with respect to the proton beam
direction, at the expense of the downstream one).
Furthermore, the performance of moderators on the long pulse
target station was assessed in “Dec. 2000” by assuming the
same target-moderator design deemed optimal for short
pulses. Thus the long pulse moderator flux is certainly
underestimated, possibly by as much as a factor of 1.5 or
more. By now the thickness of the H, moderator has been
identified as a parameter to be further optimised.

Another conservative assumption was made in “Dec. 2000” in
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the absence of methane or similar moderators. Liquid H, has a

rather low proton density per cm®, and it is therefore rather

inefficient as de-coupled or poisoned de-coupled moderator,

where the thickness of the moderator is limited to less than

5 cm in order to keep small the contribution of neutron flight

path uncertainty to the pulse length. Potential flux gains for

decoupled and poisoned moderators by methane or similar If difficult feasibility issues
could eventually reach a factor of 2 (while no essential gain is can be solved, methane or
expected for coupled moderators). However, radiation at ESS similar moderators will
levels rapidly destroys methane, and this is a tremendous, become a great option for
unsolved technical obstacle. Thus as of today methane or decoupled moderators.
similar moderators cannot be envisaged as feasible options.

This might, however, change in the future, e.g. by the

development of techniques to make solid methane pellets

circulated by a cryogenic fluid.

lll. Enhanced beam extraction and beam delivery

Current practice at pulsed spallation sources for delivering the
highest flux of hot and thermal neutrons with wavelengths
L<2A is to just make the sample to have a direct,
unobstructed view of the moderator. From the closest
reasonable moderator to sample distance on ESS, some
12 m, this will only provide 0.6° delivered beam divergence
capability both horizontally and vertically. In comparison,
modern curved, focussing crystal monochromator systems
developed for steady state sources, can efficiently deliver
2-10° incoming beam divergences to the sample. While
crystal analysers are very advantageously used in inverse
geometry time-of-flight (TOF) spectrometers, crystal
monochromators are in general not adequate for pulsed
source instruments.

Making use of direct view beam delivery means that the

neutron flux on the sample will decrease with the distance L

between moderator and sample as L. Therefore, in order to Converging supermirror
achieve a certain incoming beam velocity resolution, one guides allow us to
currently tries to use the shortest L compatible with the transport short

desired resolution. For the choice of moderator this implies to wavelength neutron
prefer the one with the shortest feasible pulse length and beams to larger distances
therefore the lowest brightness (Figures 1 and 2). This ...

doctrine changes radically by the introduction of supermirror

coated neutron guides for the extraction and delivery of

incoming neutrons energies up to 900 meV (or down to

wavelengths as short as 0.3 A).

The current upper limit of beam divergence delivered by
supermirror guides in both horizontal and vertical directions is
practically set by the performance of the best (commercially)
available supermirrors to

dou = 0.6°%\ [A] (1)

i.e. to 2 times the supermirror cut-off angle in both directions. ....and to take advantage of
This means state of the art supermirror guides can deliver the brighter neutron

higher flux on the sample than the direct view of the moderators without loss of
moderators for all wavelengths A > 1 A. Adequately designed resolution.
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converging guides make sure that the guide performs at least
as well as the direct view for shorter wavelengths too and in
addition there is some additional gain compared to eq. (1) for
distances L <30 m [5]. The real revolutionary feature of this
kind of beam delivery is, however, that the beam intensity now
becomes very little dependent on the source to sample
distance L. This opens up two new design options for
advanced instruments:

a) Achieve higher resolution without much intensity loss by
keeping the same moderator and making L longer.

b) Enhance the beam intensity on the sample at equal
resolution by switching to a longer pulse, higher brilliance
moderator.

This is later illustrated in Figure 3.

Beam delivery for 6 cm x 3 cm sample

AT EQUAL RESOLUTION
—m&— converging SM guide, sample at 12.5 m
—v— converging SM guide, sample at 25 m

- —v— same with "wide" moderator
12 —®— uniform SM guide, sample at 12.5 m
= —v— uniform SM guide, sample at 25 m
= UN" 10 no guide (direct view), sample at 12.5 m
‘D o~
C M
§® 4 2
£ =2 v
[0} v
2 n
g > V% ./
o o v A
Q2 9 7/ v
O = v
2 ° af v/v "
© ~ _m
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Figure 3: Beam extraction and delivery options for thermal and hot
neutrons. At L =25 m moderator to sample distance an un-
poisoned, decoupled moderator offers at least equal resolution
compared to its poisoned counterpart assumed for the L = 12.5 m
options. In addition, the larger distance allows us to use a "wide"
moderator (here 20 cm width instead of the standard 12 cm)
without loss in angular resolution. The main advantage of the
converging guides compared to the straight ones is that they do
not obscure the direct view of the moderator, a crucial feature at
short wavelengths ("shadow effect", Ref. [5]).The converging
guides start at 2 m from the moderator, the straight ones at 5 m
(in order to limit the shadow effect). Results of simulation
calculations assuming boron as moderator poison and decoupler.

The larger source to sample distance can also improve the
angular resolution of the incoming beam, and consequently
the corresponding wavenumber resolution 8q,. For direct view
0q, is inversely proportional to the wavelength, while for long
enough usual uniform guides it is independent of the
wavelength and distance, and corresponds to that for direct
view at L=12m and A=1A. For converging guides &q.

3-8



equals to that for direct view at the shortest wavelengths and
gradually drops to that of the uniform guide towards long
wavelengths. For a converging guide the enhanced L can,
alternatively, taken advantage of for further improvement of
the flux on the sample at short wavelengths by enhancing the
moderator surface in the direction parallel to the target surface
(which at ESS corresponds to the horizontal dimension). The
"wide" moderator option in Figure 3 shows this potential,
which is being investigated by the ESS Target and Moderator
team from the point of view of neutronics performance. Here it
is tentatively assumed that a 20 cm wide moderator will
maintain 90 % of the average surface brilliance of the 12 cm
wide moderator. Thus we arrive at the conclusion, that
compared to the currently common "direct view of poisoned
moderator" approach for short wavelength work the
supermirror guide beam extraction combined with more
brilliant, longer pulse, larger surface moderators offers higher
or much higher flux on the sample without loss of resolution in
wavelength or q, for all wavelength > 0.3 Al

The enhanced beam delivery capability of simple supermirror
neutron guides for cold neutrons and over large distances is
mitigated by the reflection losses due to the increasing
number of reflections. However, more sophisticated guide
design approaches, primarily the so called ballistic guide
concept (see e.g. in [5]) now allows us to transport beams with
divergences up to the limit given by eq. (1) over distances up
to several hundred meters with moderate losses in the range
of 30 % or less.

In sum, the utilisation of supermirror coated guides turns
around one of the key instrument design paradigms for pulsed
sources. Compared to the current "use the shortest possible
moderator pulse to keep the moderator—-sample distance as
short as possible" approach the "use the highest possible flux
(hence longer pulse) moderator and freely optimise the
source—sample distance" concept can offer superior
instrument performance for all neutron wavelengths above
typically 0.3 A, i.e. practically for all neutron scattering
applications with the exception of eV spectroscopy.

Supermirrors also offer another unprecedented new
opportunity in beam extraction, actually both for pulsed and
continuous sources, which has only recently been put forward
[6]. By now neutron beam-lines deliver a given spectrum of
neutrons depending on the moderator (at reactors also called
"source") temperature: namely "cold", "thermal" and "hot"
neutrons. The new concept, multi-spectral beam extraction
aims at combining at least two of these spectra in a single
beam-line, primarily — in view of the preceding considerations
— in a single neutron guide. This will offer decisive advantages
in many experiments which require a broad incoming
wavelength band, and could eliminate the need of performing
two separate experiments on two different instruments.
Arguably multi-spectral beam extraction will double the utility
of some beam-lines and instruments. Protein crystallography
can be invoked as just one example, where the most useful
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neutron wavelength range extends from 1.5 to 4 A, which
range is not ideally covered by either a cold or a thermal
moderator.

It has to be mentioned that the design and performance of a
so called "composite" H, — H>O moderator has been
investigated at SNS, the results were, however, found not
favourable and the option has been abandoned. One problem
to start with is that composite moderators perform with
reduced efficiency around the centre of gravity of each
components. The "cool" (e.g. about 100K methane)
moderators can well fill the gap between the thermal and cold
spectra, while displaying a much narrower band of optimal flux
than multi-spectral beams (and their feasibility at MW power
levels is not yet demonstrated).

One proposed realisation of multi-spectral beam extraction for
a spallation source is based on wusing a (stationary)
supermirror plate deposited on a thin, transparent Si
substrate, as illustrated in Figure 4. This supermirror plate acts
as a wavelength dependent switch between the two
moderators placed side by side. Such a thermal — cold
moderator pair can be readily implemented on a pulsed
spallation source such as ESS. Indeed, following the
pioneering work of Watanabe et. al, the best design option for
H> moderators involves surrounding the H, can by a bulky
water premoderator. For multi-spectral beam extraction this
premoderator will have to be made larger on one side of the
cold moderator and the ensemble has to be placed in a
manner that the extended premoderator surface can also be
viewed through the beam ports. The total width of this pair of
moderators will have to be about 20-22 cm for ideal
performance. The bottom part of the figure shows the
simulated neutron spectrum for the ESS long pulse target
station in a large cross section (6cmx9cm) Ni guide
following the multi-spectral beam extraction optics. The beam
at the end of this guide can be compressed, if needed, by a
converging supermirror coated guide “funnel® into a
2cm x 3cm maximum divergence beam (eq. (1)) at the
sample at any distance L >20 m. It is also feasible to use
converging guide geometries over the whole multi-spectral
beam extraction system.

Note that in this example for A < 1.5 A the neutrons come from
the thermal moderator only, for A > 4 A predominantly from the
cold moderator and from both moderators in-between. In this
intermediate range of "mixing" the angular distribution of the
fraction of the beam coming from one or the other moderator
is strongly non-uniform, the total beam with contributions of
both moderators mixed together is, however, as uniform as
usual in a guide, both spatially across the cross section and in
its angular distribution. This uniformity is important for the
experiments to use multi-spectral beams, and actually it can
be shown that it is a direct consequence of the Liouville
theorem. In fact, we have to do here with one of the by now
numerous examples of experimental techniques in particle
physics which misleadingly appear to be forbidden just by the
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Liouville theorem. Indeed, a neutron at a given position with a
given wavelength and direction can only come from one or the
other moderator (except for a beam partition by partially
reflecting, partially transmitting optical elements). However, an
extended volume of the phase space of particle parameters
can be uniformly filled by several sources in a mosaic like
fashion. These kinds of approaches are fundamental in
modern accelerator design, just to mention one example.

Cold Moderator
Ni coated guide

Guide supermirror

Supermirror switch

Thermal moderator

—————— - Sample thermal neutron trajectories

---------------------- » Sample cold neutron trajectories
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Figure 4: The principle of multi-spectral beam extraction based on a
supermirror spectral switch (top) and peak flux obtained by such
a beam extraction system at the ESS long pulse target station in
the Ni coated neutron guide (black squares) as compared to other
ESS and ILL moderators. In the simulation calculation
commercial quality "m = 3" supermirrors and 0.5 mm thick Si
substrate was assumed. The length of the supermirror switch is
6.5 m, it starts at 1.5 m from the moderators, the Ni guide is 6 cm
wide.

IV. Pulsed neutron beams: big advantages with tough
strings attached

Multi-spectral beams open
up new experimental
opportunities by efficiently
using very broad
wavelength bands.

The overwhelming reason to prefer pulsed sources to Pulsed sources allow for
continuous ones for highest performance is the vastly much more efficient use of

enhanced efficiency of making use of the produced amount of
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neutrons in the vast majority of neutron scattering experiments
(while the pulsed structure is virtually of no advantage for
irradiation  work). On a continuous source beam
monochromatisation is synonymous to throwing away all those
neutrons in the Maxwellian source spectrum which do not
possess the required velocity with the required precision,
which in the majority of the cases amounts to only making use
of 1-3 % of the spectrum. On pulsed sources the neutrons with
different velocities arrive at different times to the instrument,
so they can be distinguished from each other and
consequently used at the same time. This allows us to utilise a
large fraction, up to 60—-90% of the spectrum. This
tremendous gain in efficiency, as most good things, does not
come free. The pulsed nature of the beam imposes a whole
set of boundary conditions, which lead to substantial
compromises in instrument design options and can partially
(or in rare cases even completely) erode the very gain in
efficiency one seeks to achieve. As we plan to make ESS to
benefit all areas of neutron scattering science, we will face
new challenges to minimise this erosion of performance in a
number of new situations. Some key approaches to achieve
this will be considered in the next chapter, after having
reviewed here the detrimental boundary conditions in need of
remedy.

a) Repetition rate

At a given time average power the repetition rate of the pulsed
source is a parameter largely neutral to the ultimate source
performance — unless it is too high. Indeed, if there is not
enough time T left between pulses to allow the full desired
wavelength band A\ to be accepted at the desired moderator
to sample (or detector) distance L, i.e. the

TIms] > L[m] x AM[A] / 3.96 2)

relation is not fulfilled, the source brightness is not fully taken
advantage of. Thus a low repetition rate, practically something
like 20 Hz or less is the guarantee for efficient use of a pulsed
source in most applications.

It has to be emphasised that this consideration is only valid if
the total proton beam power of the source can be kept
constant, independently of the choice of the repetition rate. In
reality, however, the beam energy per pulse is the parameter
actually determinant for the technical complexity, feasibility
and price tag of the accelerator system. At constant energy
per pulse condition, however, the optimal repetition rate
becomes very strongly dependent on the type of the
instrument and it can be as high as 1000 Hz. Such a high
value is, on the other hand, wasteful for other instruments,
which cannot efficiently deal with more than 20 - 30 pulses per
second, i.e. their performance does not increase if additional
power comes in the form of higher repetition rate. In this sense
50 — 100 Hz seems to be a rather reasonable compromise,
between instrumental needs and accelerator design
imperatives to minimise the beam energy delivered per pulse,
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in particular for short pulses. In contrast, for long proton pulses

With long accelerator

in the ms range the energy per pulse could reasonably reach pulses < 20 Hz repetition

values well in access of 500 kJ/pulse and thus a low (< 20 Hz)
repetition rate is a good option up to some 10 MW time
average power.

b) Wavelength resolution

The source neutron pulse length 6t and the moderator to
sample (or detector) distance determine the incoming
wavelength resolution on a usual spallation source instrument:

SMA] = 3.96 x &t[ms] / L[m] (3)

If dA is less than necessary, the pulsed source instrument will
lose in efficiency relative to a continuous source machine. If
one does not consider background noise issues (e.g. the
necessity on continuous sources to filter higher order
reflections when using crystal monochromators, etc.) and
beam losses due to absorption, finite reflectivities, etc. a
pulsed source instrument can deliver a full neutron intensity
gain corresponding to its peak flux compared to a similar type
of continuous source machine if and only if all of the 3
conditions are met:

i) The required incoming beam divergence is less in both
directions than the supermirror guide limit, eq. (1).

i) The source repetition rate is low enough to satisfy the
condition (2) and high enough to make the effective data
collection time fill most of the elapsed time.

i) oA as given by eq. (3) matches the oA freely chosen on
the continuous source instrument.

These three points are actually quite some strings attached
and can prove to be contradictory, for example L chosen to
fulfil eq. (3) happens to be much too large for condition (2) to
be satisfied (e.g. this is usual in high resolution powder
diffraction) or the minimum value of L as determined by
shielding and other instrument design imperatives leads to
both too narrow wavelength band AA and too good wavelength
resolution SA.

The canonical example for the latter is small angle scattering,
SANS. Here the required good angular resolution can only be
achieved without counterproductive limitation of the sample
diameter to much less than the usual 0.5—-1cm if L~40m
(D22 at ILL). At 50 Hz repetition rate and for short pulses this
implies 8\ ~ 0.6% (at L =4 A), i.e. some 20 times too small
compared to D22 and AL ~2 A, i.e. some 3 -4 times less
than the potentially useful part of the Maxwellian spectrum of a
cold coupled moderator. In this crucial example these two
factors substantially lower the intensity gain of ESS compared
to ILL, namely detailed Monte Carlo simulations show that
instead of the peak flux ratio of 60 it becomes 3 - 4 at best.
For the ESS 16%; Hz long pulse target option the situation is
more favourable: with SA ~ 5 % and AL ~ 6 A an intensity gain
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of about a factor 10 remains from the 25 fold peak flux
advantage.

An even tougher example than SANS is thermal neutron
spectroscopy, as represented by the TOF instrument IN4 at
ILL. Around 1 A wavelength the divergence loss at direct view
of the moderator compared to a focussing crystal
monochromator is about 20 fold (even with substantial crystal
reflectivity losses assumed), and it is compounded with a
typically 8 fold loss by too low pulse repetition rate (50 Hz vs.
some 400 Hz). All this is not compensated by the 100 fold
peak flux advantage of ESS.

These kind of efficiency losses are ultimately due to the fact
that the pulsed source repetition rate and the neutron pulse
lengths just cannot be simultaneously optimal for all kinds of
instruments of conventional design. In what follows we will
discuss how novel (by now not implemented) instrument
design techniques can mitigate the problem. The need for
innovative source and instrument design is a centrally
essential feature of the ESS project: ESS is not just a next
generation pulsed spallation source. Spallation sources as we
know them today are efficient complements to the current
mainstay tools for neutron scattering, continuous reactor
sources. By now we know, that there is no way to enhance the
neutron performance of reactor sources at reasonable costs
beyond that of ILL. Thus the real challenge of ESS is that it
has to transform the spallation technique from one
complementary to reactor sources to one superior across the
board. ESS will be the next generation neutron source
compared to both existing reactors and existing or planned
spallation sources. It is probably a fair estimate that at most
30 % of moderator and instrument design approaches needed
to achieve this goal are established by now.

V. New multiplexing and pulse shaping approaches

In order to alleviate the contradictions between demands on
source parameters set by accelerator physics, target and
moderator design needs and the variety of instrumental
requirements, we need to develop techniques which make the
instrument benefit from effective source parameters, namely
repetition rate and neutron pulse lengths, different from the
actual ones. Suppressing source pulses, up to actually 4 out
of 5, is a well established method in order to reduce the
effective pulse repetition rate. We will consider here the
potentials offered by some other, not yet experimentally tested
techniques, which are a lot more efficient than throwing away
a large fraction of the source pulses.

The use of fast pulse shaping choppers close to the source
(which can practically mean not less than some 6 m distance)
in order to shorten the moderator pulse length for high
resolution applications has already been considered in the
generic instrument evaluations (see the report on indirect
geometry spectrometers in Ref. [1]), although it has not been
experimentally realised yet. It will allow us to achieve shorter
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pulse lengths than provided by poisoned moderators.
Additional, not less important advantages are that the short
pulses cut out of coupled moderator pulses benefit from the
higher peak flux of these moderators compared to the
poisoned ones (Figure 1) and by this way one could eventually
reduce the number of required moderators on one target
station. The great inconvenience of the technique is that it
normally drastically reduces the available wavelength band
(e.g. to ~0.2 A when used with cold coupled moderators).
New techniques to alleviate this drawback will be discussed
below.

Multiplexing approaches can be roughly defined by trying to
make use of multiple beam parameter domains, which would
conventionally exclude each other. A most beautiful example
is the pioneering proposal of the MUSICAL spectrometer by
Alefeld [7], in which the beams of several different crystal
monochromators are distinguished from each other by time
delays induced by judiciously choosing the positions of the
various crystals. We will now consider a number of related
schemes, aimed at enhancing the efficiency of use of pulsed
sources by getting around restrictions implied by relations (1)
— (3) above. Paradoxically, we will not really need to consider
Alefeld's original idea here: the combination of pulse shaping
choppers and very long flight paths bridged by advanced, low
loss "ballistic" neutron guides now offers a simpler approach
to very high resolution backscattering spectroscopy, as shown
in Ref. [1].

a) Repetition rate multiplication

The example of a IN4 type instrument above illustrates that
even 50 Hz pulse repetition rate is a substantial disadvantage
in direct geometry TOF spectroscopy, where 100 Hz to 500 Hz
pulse frequency is the rule at continuous sources. This higher
frequency is determined by the time needed to analyse the
scattered beam, and at lower repetition rates no data are
collected for most of the time. This drawback can be removed
by extracting a number of pulses with different monochromatic
neutron velocities from the same source pulse [8]. For
example in the IN500 project at Los Alamos up to 240
pulses/s can be delivered to the sample from 20 source pulses
per second. In practice this means that instead of one
experiment made, as usual, with a single wavelength, a
number of experiments with different incoming neutron
wavelengths are accomplished simultaneously, and the
information needs to be combined in the data evaluation
process. This can be more efficiently accomplished the
smaller is the difference between the neutron wavelengths in
subsequent pulses (e.g. 0.265 A at 240 Hz multiplied rate on
IN500). This is best achieved by long source to sample
distances, in which case the most intense and longest coupled
moderator pulses are the best choice for matching the
required resolution. Numerical evaluation of a few specific
examples confirmed [8] that multiple pulses with different
wavelengths can deliver comparably useful information, thus
e.g. in case of an IN4 type instrument much of the count rate
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loss due to the low repetition rate can be recovered. Thus in
contrast to the conventional situation discussed above,
repetition rate multiplication will allow ESS to deliver superior
neutron flux even in this case (and at better angular resolution,
without the focussing crystals).

A sample
/- | 2
#6
#4
3
g #3
z2 == - ———_
~ #2
#1
source )
time

Figure 5: Principle of Repetition Rate Multiplication as realised by a disc
chopper system. For an example, the source to sample distance
in the IN500 project is 63 m, the time between source pulses 50
ms, and the maximal speed of the disc choppers used is 14400
RPM. Choppers #3 and #6 consist of two counter-rotating discs
each. The role of chopper #5 (not shown), mounted close to #6, is
to reduce the basic 240 Hz pulse repetition rate on the sample, if
necessary, by optionally only letting through every 2" 3 4" or
6" pulse. Note that the effective source pulse length for all pulses
on the sample is determined by the timing between the sharp
rising edge of the source pulse and the closing time of chopper
#3. By properly choosing the chopper parameters no neutrons
with A < 80 A can make their way through the chopper system,
other than the ones selected as shown here [8].

Repetition rate multiplication can be readily realised by the
use of disc choppers of the type well established at continuous
source cold neutron spectrometers, such as IN5 at ILL or
NEAT at HMI. At the same time it also implies source pulse
shaping, as explained in the caption of Figure 5.

b) Wavelength frame multiplication

The use of a broad wavelength band allows one to achieve a
wide dynamic range in wavenumber g. Data can be taken with
various delays after the pulse emitting the neutrons, i.e. the
wavelength band AL allowed by (2) can be rather freely
positioned around various average wavelengths. This
positioning is accomplished by frame definition choppers
(choppers #1 and #2 in Figure 5 serve this function) and in a
series of data collection periods one can cover any reasonable
wavelength band. It remains, however, desirable to also be
able to collect data in a broad wavelength band quasi
simultaneously, for example with a sample whose state
changes rapidly with time. An example of how to reach this is
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illustrated in Figure 6 [9].

————— Fmmm—gm————m————p————g—————r————5 Detector
/ / // //

Distance [m]

frame overlap choppers

Frame definition and

0
Source 0

Time [ms]

Figure 6: An example of wavelength frame multiplication for a 36 m long
instrument at a 50 Hz source. At the junction of subsequent
frames at the detector the source pulse length and the chopper
opening/closing time uncertainties produce overlap of the
penumbra. More than 17 ms from the 20 ms frame duration
between source pulses are free from overlap or higher order
leakage neutrons with wavelength < 80 A [9].

The set of frame definition choppers shown makes sure, that
in subsequent periods T between two source pulses different
wavelength bands alternate on arrival at the sample or
detector. For example with three alternating wavelength bands
(three fold frame multiplication) a SANS machine on the 50 Hz
source can cover the same or broader band than a
conventionally operating instrument on a 10 Hz source (Figure
7).

Another, more important application of wavelength frame
multiplication is related to the use of pulse definition choppers,
which can cut the length of coupled moderator pulses or long
pulses to actually shorter duration (10 — 20 us) than that of the
poisoned moderator pulses. For example, this approach has
been found to allow us to reach sub peV resolution in
backscattering spectroscopy at some 200 m source to sample
distances (as mentioned above) which resolution previously
was deemed to only be achievable at good intensity by the
MUSICAL approach. This kind of pulse shaping is particularly
easily performed with long pulses, but the source pulse length
limits the wavelength band, according to relation (2). With the
pulse shaping chopper at 6 m from the moderator and 2 ms
pulse length, the band width is 1.333 A.

The frame multiplication scheme shown in Figure 8 allows us
to append in a gap free manner a number of 1.3 A wavelength
bands one after the other (2 are shown in the figure) in order
to fill the whole time frame between two subsequent source
pulses. For example the 5.33 A band obtained by 4 fold frame
multiplication corresponds to the full bandwidth of the 16%/; Hz
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source at 45 m source to detector distance.

Extending q range by frame multiplication: (flat scatterer)

—na— ESS 50 Hz, 15 m/ 15 m, 2.2<\<4.4

—a—ESS 50 Hz, 15m/ 15 m, 2.2-4.4, 6.6-8.8 and 11-12 A
frames measured simultaneously

10000 —e—ESS 10 Hz, 15m/ 15 m, 2<)<10 A

100000

1000

-
o
o

-
o

Counst/0.001 A" channel [a.u.]

0,1 ~——rry ————r ———
1E-3 0,01 0,1

q[A"]

Figure 7: Example of extending the g range of a SANS instrument on the
50 Hz target station by wavelength frame multiplication (red
triangles) compared to single frame 50 Hz data collection (black
squares) and single frame operation at 10 Hz with equal pulses
(blue dots).

This "frame multiplication for pulse shaping chopper" allows us
to cut out very short and sharp, symmetrically shaped pulses
from long pulses, as an alternative choice to the asymmetric,
exponentially decaying short source pulses from poisoned
moderators in virtually any application. To achieve the same
resolution these symmetric pulses can be about 50 % larger in
FWHM than the exponentially shaped source pulses. With the
long pulse peak flux nearly equal to the poisoned moderator
peak flux (Figure 1 and 4), the long pulses actually offer equal
intensity at equal wavelength resolution (or much shorter
pulses at wavelengths > 2 A for achieving unprecedented high
resolutions). This will open up, especially combined with multi-
spectral beam extraction (Figure 4) the option to use the long
pulse target station for all high wavelength resolution
applications (e.g. very high resolution powder diffraction) for
wavelengths > 0.8 A eventually alleviating the demand for a
high number of different types of moderators on the 50 Hz
short pulse station. Note that it is possible to emulate the
wavelength dependent pulse width of poisoned moderators by
adequate "eye-of-the-needle", very high speed disc chopper
systems [9].
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Figure 8: Principle of wavelength frame multiplication used to extend the
strongly reduced wavelength band conventionally allowed for by a
single opening of a pulse shaping chopper outside the bulk
shielding. For 2 ms long pulses this technique enables us to
simultaneously and continuously cover typically required
wavelength bands of 3—8 A with short pulses of adjustable
length on a long pulse source [9].

c) Multiple beams and detectors

Similarly to making several pulses impinging on the sample
one after the other, one can conceive to make several
converging incoming beams placed next to each other. Such
converging beams can be produced at little technical risk by
using a series of collimating beam frames or slits, starting at a
rather large cross section virtual source created outside the
source bulk shielding. Such a virtual source can be
conveniently achieved by using supermirror optics, for
example in the manner the central section of a ballistic guide
can be fully illuminated by the diverging "reflector" section,
even if its dimensions are bigger than that of the moderator
[6]. It is harder to implement such optics on existing source
beam tubes, not designed for this purpose. The following two
examples show the importance of this kind of multiplexing in
space.

Most reflectometers on continuous sources use a
monochromatic beam with scanning the grazing impact angle.
This offers the advantage of optimising sequential data
collection by distributing the available time in a most efficient
manner between the points in the scan. With the TOF
technique on a spallation source the data collection efficiency
is necessarily less optimal, since in a more or less broad
simultaneously measured band every point gets the same
share of time. The advantage on the other hand is, that a
simultaneous scan can eventually be completed in a shorter
time for time dependent studies, since one saves the time
needed to physically change the angle between beam and
sample (which approach is the faster really depends on the
experiment, case by case.) To achieve a broad q range in a
fixed angle TOF experiment one needs the broadest possible
wavelength band, i.e. the lowest possible source frequency,
which for the short pulse option ultimately means to reduce
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the source flux by eliminating most of the 50 Hz source
pulses. The alternative way to broad band rapid data
collection is to implement a number of beams impinging on the
sample at different angles, e.g. at 0.5, 1 and 2°, as tested or
planned at several places (LANSCE, HMI, SNS, ...). Since for
a typical reflectivity curve only a few % of the total measuring
time is required to obtain more than enough statistics at the
smaller angles, this method allows us to retain the full power
of the 50 Hz source and cover the q range of a 10 Hz source
more than 4 times faster (Ref. [1]). Switching from one beam
to another by opening and closing beam slits can be done with
little time lost, it could even be accomplished between two
subsequent source pulses.

Coverage of a broad q range is also an issue in SANS. On
continuous sources this is most often achieved in a very
efficient way by moving the detector more or less close to the
sample. Again, this allows us to optimally divide the measuring
time between the different detector positions, and if the time
needed to move the detector is much shorter than the
necessary data collection times, this is the most efficient
approach on all sources. An alternative approach is to place
several detectors at different distances from the sample, as
already implemented at several facilities (Dubna, ISIS, ...).
The method can work particularly well for pulsed sources,
since the gaps in scattering angle between the detectors is
bridged in the q space by the use of a more or less broad
wavelength band. Figure 9 illustrates the far superior data
collection rate and g range one can obtain by this technique
on the 16%/3 Hz, 5 MW long pulse source compared to both ILL
and the 10 Hz, 1 MW option.

Extending g range by multiple detectors:
(Monodisperse colloid sample)

—=—ESS 16 Hz, 15m/ 3 & 15 m, 4<)<9 A
——ESS 10 Hz, 15m/ 15 m, 2<A<10 A

10000 "
——ILL, A=6 A

1000

100

-
o

o

o
2

1E-3

Counst/0.0025 A" channel [a.u.]

1E-4

qlA"]

Figure 9: Monte Carlo simulated small angle scattering spectra from a
dilute monodisperse colloid sample for 15 m — 15 m long SANS
instruments, with an additional detector at 3 m from the sample
for the ESS 16%/3 Hz instrument (red squares). The detectors are
of 1 m x 1 m dimension, with the additional detector at 3 m having
a 23 cm x 23 cm hole in the middle. The two red curves have a
convenient overlap, in spite of the gap in angular coverage
between the two detectors. The data also illustrates the order of
magnitude intensity gain compared to ILL (black triangles) at
good resolution.
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The final example of multiplexing is to enhance the data rates
in SANS by making a large number of identically collimated
beams converge on the same spot on the area detector. It has
been proposed to realise this by a set of diaphragms with
multiple holes (e.g. at Los Alamos), as indicated in Figure 10.
The real significance of this approach is that it will allow us to
enhance the data collection rate at ESS by another order of
magnitude compared to the most powerful SANS machines
today — at least for flat samples larger than 20 — 30 cm?. This
will make possible to take meaningful SANS spectra in less

than a second time and thus open up fully new opportunities in
time dependent studies.
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Figure 10: Neutron absorbing frames to build a converging collimator, which
essentially just amounts to repeating the same incoming beam
configuration several times next to each other. The simulated
SANS data (bottom) confirm the some 100 fold enhanced data
collection rate at ESS compared to a single beam, identical
angular resolution experiment at ILL.

The same techniques of converging beams can also help us
to achieve better angular resolution and reduce the lower limit
of the accessible q range to some 2—-3x10* A". Here the
use of a series of static frames will be made difficult by the
different curvature of different wavelength neutron trajectories
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under gravity. Focussing mirrors should offer a better
approach if the problem of high background due to non-
specular reflections can be solved. In any case, to enhance
the resolution capability of SANS instruments to lower q
values than customary today, the higher flux of ESS will need
to be combined with advances in instrument design.

VI. Summary of ESS instrument performances

The table below, summarises the instrument performance gain
factors presented in more details in the topical Instrument
Group reports compiled in Ref. [1]. A few similar instruments
are represented just by one of them and 4, not included in the
reports, have been added (TAS, D7, MUSICAL and
fundamental physics beam). A further deviation in the table
compared to Ref. [1] is including the converging collimator for
the high intensity SANS, see Figure 10 above. The neutron
intensity gains due to the enhanced flux of ESS have been
evaluated separately from additional gains in data collection
rate due to foreseeable improvements in instrumentation
methods and techniques. The source gain factors tell us how
much of the increased performance will only be available by
realising ESS. The total gain factors, i.e. source plus progress
in instrumentation, on the other hand, are those which will
determine what kind of new scientific opportunities ESS will
offer. The highest number in the table, well above 1000 in the
case of cold neutron spectroscopy, is one of the best studied
and established figure, and it illustrates the point in an
instructive manner. Compared to the extremely popular and
powerful TOF spectrometer IN5 at ILL (which was roughly
equivalent to the more recently designed NEAT at HMI), the
source gain factor was estimated to be around 50, which is
somewhat less than the peak flux ratio in order to take into
account the need to use repetition rate multiplication to
recover losses due to the rather low source repetition rate of
50 Hz. Supermirror optical beam delivery has been shown to
provide for an additional gain factor of 6 — 7 [6] compared with
Ni coated guides, a factor of 4 can be gained at least in
detector solid angle, and improved chopper design offers
another factor of 1.5—-2 at equal resolution (optimised
chopper positions, counter-rotating choppers, trapezoidal
pulses). This safely adds up to more than the 1600 fold
improvement quoted in the table, of which about a factor of
9 - 10 is being realised by the current reconstruction of IN5.
Knowing from experience all the new science that could be
achieved by IN5 in the past, one can expect an explosion of
qualitatively new opportunities this tremendous increase of
power will make happen.

Not only the highest, but the lowest numbers in the table also
merit some attention. Single peak single crystal work with hot
neutrons suffers from the already mentioned low time average
flux around 0.5 A wavelength. The pulsed time structure of the
source offers some fringe benefits even if one uses crystal
monochromators, by making easier the identification of
spurious effects, such as taking care of the problem of higher
order reflections without the use of filters. But the real solution
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here is to work out an equivalent of the hot source for ESS, as
discussed above. For the very similar case of triple axis
spectroscopy the often invoked speculative possibility of very
low background between source pulses, if realised, might
become an additional and very important fringe benefit. TOF
spectrometers with large detector solid angle coverage, and
consequently wide open detector geometry, are less likely to
achieve very low backgrounds needed to bring extremely
week signals to evidence. For this reason, even with their very
limited data collection rates, TAS instruments might well have
a role to play at pulsed spallation sources with time average
fluxes approaching that of ILL.

Table 1:

Expected performance of generic instruments on the various target station options for ESS. ® : first choice or one of
essentially equivalent first choice options. O : second choice: about a factor of 2 inferior in data collection rate to the
first choice. The numbers correspond to instruments implemented on the best (one of the bests) target options. Blue
numbers: compared to ILL beams and best existing instruments at ILL. Black numbers: compared to ISIS beams and

best existing ISIS instruments. Table compiled on the basis of Ref. [1].

Instrument gOMI-‘l; 122{\;‘:}2 Source gain Total gain
High energy chopper ° 30 30
Thermal chopper o 30 240
Cold chopper ° o 50 1600
Variable, cold chopper o ° 20 800
Backscattering 0.8 peV ® 25 50
Backscattering 17 peV L 150 600
Molecular spectrometer (TOSCA) o 50 100
Electron Volt Spectrometer ° 30 300
High resolution NSE o 10 100
Wide angle NSE ° 9 300
Triple-Axis ® L 0.5-1 1-4
High Resolution Single X ° >>10 >>10
Chemical Single X ® >>10 >>10
High Resolution Protein ° >20 >20
Low Resolution Protein ° ® 3-5 3-5
Single Peak incl. Cryopad o o 0.3-3 0.3-3
High Resolution Powder ° ° 50 150
High Q Powder L 60 120
Magnetic Powder ° o 60 60
High Resolution Reflectometer o (@) 20 40
High Intensity Reflectometer o ® 15 40
Liquids Diffractometer o 20 20
High Intensity SANS ° 8 100
High A Resolution SANS L 150 300
Engineering Diffractometer ° 30 90
Fundamental Physics o o 1 NA
Diffuse scattering (D7) o ° 15 300
Backscattering (Musical) ° 40 40
Average (geometrical) >19 >47

3-23




VII. Technical risks and challenges

The reference instrumentation techniques assumed in the
evaluation of the expected performance of a set of generic
instruments at ESS (as summarised in the topical reports by
the various Instrument Groups in Ref. [1]), were chosen to be
fairly conservative, and with a few exceptions well established
at current spallation sources. The most notable exception is
the use of fast disc choppers to cut out very short pulses from
the longish (> 0.2 ms) coupled cold moderator pulses in order
to achieve sub peV resolution over 200 m flight path in
backscattering spectroscopy. The more unusual approaches
discussed in the present paper have not yet been
implemented, but they are largely based on using
components well established on reactor sources, e.g. fast
disc chopper systems consisting of 6 —8 phased rotors.
Background noise, in particular the direct fast neutron bursts
from the proton pulses will certainly represent some technical
challenge, as does the need to increase the maximum
acceptable count rate of detectors. Nevertheless, the
technical risks involved in the instrument performance
assessment are really small.

In this context the issue of neutron detectors deserves
particular clarification. On the basis of current experience at
pulsed spallation neutron sources we can estimate that the
highest instantaneous counting rate at ESS will be in the
range of 10° counts/s/cm? when a Bragg peak from a sizable
sample hits the detector during the pulse. This high counting
rate will be sustained for a few tens of us. The time average
counting rate over 1 m? position sensitive detector area will
reach 10° counts/s. These numbers are about an order of
magnitude higher than what can be handled today.
Nevertheless, we can be fully confident, that in 10 years from
now we will have the required high speed detectors at our
disposal. Many neutron scattering laboratories, including
some ESS partner institutions, pursue vigorous programs in
developing higher performance detectors. The results of this
research are quite likely to make available the detectors
needed by ESS in due time. In a few years time ESS should
join this effort by its own team. One has also to keep in mind,
that the biggest impact of ESS will be at research areas
where the current neutron beam intensities are simply not
sufficient to produce well observable signals. Examples are
inelastic scattering studies of many problems of microscopic
dynamics and the investigation of very small samples. In
these cases current detector speeds will be fully adequate.

The innovative approaches discussed above are those novel
general concepts proposed to be relevant for the design of
many instruments. Hence they are part of the general
approach at ESS to enhance the efficiency of the use of
neutrons and they also serve as input for design decisions on
the ESS layout as a whole, including accelerator and
target / moderator systems. The hardware components at the
basis of these concepts are all well established and in use at
existing facilities, either reactors or spallation sources. So the
technical risks are primarily involved in novel kind of use of
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available components. This risk is kept low by an extensive
effort of computer simulation studies and by building and
testing of prototypes by ESS partner institutions.

There are many more specific innovations suggested by now
which can become the basis of conceiving individual new
instruments or enhance performance in a particular type of
experiment. For example one fascinating group of ideas is to
accelerate neutrons, which would allow us to enhance the flux
density (so called phase space transformation) that is
otherwise kept constant in static, time independent
environment by virtue of the Liouville theorem. For example a
promising approach of neutron acceleration by magnetic
fields has been proposed [10]. Another idea, the use of
Larmor precession techniques for the analysis of elastic
scattering processes also made much progress recently [11].
The ESS instrument development approach reserves a
particular space for innovations of this kind too, whether
already in the making or to emerge in the future. At this stage
2 of the about 20 instruments planned to be built first at ESS
are assumed to be yet unspecified and unknown, novel kind
of machines. New ideas to emerge might make possible to
perform experiments at ESS in 10 — 15 years from now we
cannot imagine today. It is a particular challenge to
encourage and recognise such developments in due time.
This is a calculated risk, but not taking this risk is the worst
risks of all.

VIIl. Summary

The overriding goal of the ESS project is to provide decisive
advances in research opportunities for a broad user
community in all fields of exploration related to condensed
matter: physics, chemistry, geology, engineering, life
sciences, environment, cultural heritage. This goal will be
achieved by combining the benefits of advances in all areas
of science and technology relevant to building ESS:
accelerators, target and moderator design and
instrumentation. ESS is a global approach, where the
technical potentials in one area are fully taken into account as
opportunities and boundary conditions in another one.
Literally speaking, proton ion source design imperatives are
kept in mind in defining the instrument concepts and vice
versa. The innovative configuration of a short and a long
pulse target station is a good example. It is the accelerator
design response to specific requirements of a group of
neutron scattering instruments to have more neutrons per
pulse with less emphasis on the pulse duration. Particular
attention is paid to extract and transport neutrons from the
source to the instruments with enhanced efficiency by using
advanced neutron optical systems. Employing multiplexing
instrument design techniques will allow ESS to best satisfy
the different needs of different neutron scattering instruments.
An example is the broad variety of pulse repetition rates that
will be possible at ESS: 16%; Hz on the long pulse target
station, 50 Hz on the short pulse one and up to 200 Hz
effective rate by using a multiplexing instrument design. As a

3-25

ESS instrument
development plans leave
room for novel approaches
not yet imagined.

ESS will be a quantum leap
in performance by
combining highest power
with innovative
approaches to assure
highest efficiency in using
that power.



result of this approach of global optimisation ESS will not only
be the most powerful spallation source in terms of proton
beam power, but it will also benefit from enhanced efficiency
in terms of turning the proton power into neutrons on the
sample, compared to current state of the art used at existing
sources and at facilities that are being built. As a result ESS
will offer a quantum leap of 2-3 orders of magnitude
superior sensitivity to what we know today in the majority of
neutron scattering studies of condensed matter.
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4. The Scientific Potential of ESS

The ESS is the next decisive step in the evolution of neutron
sources and will offer a revolution in neutron science. As the
world leading facility the ESS will open novel scientific
opportunities and allow new experiments which are presently
not feasible. This chapter is devoted to considerations on the
scientific potential of the ESS in the different science
disciplines which are accessible by ESS. The following reports
focus on future trends in the different disciplines emphasising
high profile flagship areas at and beyond thresholds.

In order to assess the future development in the different Eight science groups h
scientific areas eight science groups have been created which been created which we.
were convened by members of the Scientific Advisory convened by members
Committee (SAC) of ESS. Table 1 displays the disciplines and the SAC.

conveners.

Table 1:
Science Groups and their Conveners

Science Group Convener/s
. . A. Furrer PSI Villigen, Switzerland
Solid State Physics C. Vettier ILL, France
Material Science and Engineering H. Zabel University of Bochum, Germany
Biology and Biotechnology J. Helliwell University of Manchester, United Kingd

J. Colmenero  Univ. of the Basque Country & DIPC, S

Soft Condensed Matter D. Richter  FZ Jilich, Germany

. N . H. Jobic CNRS/Univ. Lyon 1, France
Chemistry, Structure, Kinetics and Dynamics W. David ISIS, United Kingdom
Earth Science, Environmental Science and . . . . A
Cultural Heritage R. Rinaldi University of Perugia, Italy
Liquids and Glasses R. McGreevy  University of Uppsala, Sweden
H. Rauch Atomic Institute of the Austrian

Fundamental Physics University, Austria

The scientific potential of the ESS depends on the technical

parameters and configuration of the facility. To value the

impact of the ESS on ambitious challenges of the different

disciplines the instrumentation opportunities of ESS are of

great importance. Therefore the scientific demands on the Scientific demands we
instrument suite derived from the flagship areas were discussed in the frame
discussed in the frame of instrumentation opportunities at the instrumentation

ESS, which were assessed by instrument specialists opportunities.
representing the different fields of instrumentation. Table 2

displays the nine instrument groups and the respective

conveners, which were assembled in order to study the

performance of generic instrumentation at the two target

stations of ESS.
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Table 2:
Instrument Groups and their Conveners

Instrument Group Convener

Powder Diffraction P. Radaelli ISIS, United Kingdom

Direct Geometry Spectrometers R. Eccleston ISIS, United Kingdom

Indirect Geometry Spectrometers K. Andersen ISIS, United Kingdom

Neutron Spin Echo Spectrometer M. Monkenbusch ~ FZ Julich, Germany

SANS R. Heenan ISIS, United Kingdom

Reflectometry H. Fritzsche HMI Berlin, Germany
gé’ég:frggﬁtgrss'gﬁ‘g;‘?ampﬂsr C. Wilson ISIS, United Kingdom

Structure Factor Determination A. Soper ISIS, United Kingdom

Engineering P.J. Withers Manchester Material Science Centre, U.

Since the instrument experts were reliant on an assessment of
the scientific demands on the ESS and at the same time the
scientists needed a consolidated knowledge of the
instrumentation opportunities and the potential opened up by
the ESS, an intense exchange of expertise and collaboration
between both groups was vital. This was for instance realised
by joined workshops like the ESS SAC / ENSA workshop on
“Scientific Trends in Condensed Matter Research and
Instrumentation Opportunities at ESS” which was held in May
2001 in Engelberg, Switzerland. About 80 scientists from all
fields of neutron science were assembled there by a combined
effort of the Scientific Advisory Committee (SAC) of the ESS
and the European Neutron Scattering Association (ENSA), in
order to define the final ESS layout on scientific grounds and
to assess trends in condensed matter science related to
neutron research. One major goal of the workshop was to
predict new opportunities, in particular important and decisive
areas of science where ESS is expected to impact strongly in
solving problems which cannot be accessed presently. In a
similar way scientists focussing on the neutron itself in the
area of fundamental physics, discussed the main issues in
their field and derived their demands on the facility.

To embrace the increasing importance of neutron scattering in
science fields like Biology or Earth Science the SAC initiated
two topical workshops, namely ‘Perspectives of neutron
scattering for the earth sciences with ESS’ in Cambridge, U.K.
and ‘Flexibility and functions of proteins’ in Heidelberg,
Germany (both in January 2002). The outcome of these
workshops was relevant to arrive at an accurate determination
of future trends and new opportunities at the ESS in the
emerging science fields of neutron scattering.

The Engelberg workshop led to a new approach to the
scientific case for the ESS by focussing on threshold areas
and flagship experiments. The outcome of the concerted
endeavours during the workshop in Engelberg was the basis
for the disciplinary science case reports presented in this
chapter”.

' These science reports present a forward look into the scientific opportunities offered by ESS. They are not scientific paj
and therefore there is no attempt to add references to refer to the large amount of work behind these scientific are

References are generally only used in order to relate to specific examples or figures.

4-2

An intense exchange of
expertise and
collaboration between th
science and instrument
groups was vital.

To embrace the increasi
importance of neutron
scattering in emerging
science fields the SAC
initiated two topical
workshops.




4.1 Solid State Physics

R. Currat', R. Cywinski?, C. Fermon®, A. Furrer?, B. Keimer®, G.H. Lander®,
D.F. McMorrow’, H.R. Ott%, C. Vettier'

'Institut Laue Langevin, 6 rue de Horowitz, F-38042 Grenoble 9, France

% Department of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom

% Laboratoire Léon Brillouin, CEA, Saclay, F-91191 Gif-sur-Yvette Cedex, France

* Laboratorium fiir Neutronenstreuung, ETH Ztirich and PSI Villigen, CH-5232 Villigen PSI, Switzerland

® MP! fiir Festkérperforschung, HeisenbergstraBe 1, D-70569 Stuttgart, Germany

® Institut fir Transurane, Postfach 23 40, D-76125 Karlsruhe, Germany

" Condensed Matter Physics and Chem. Dep., Riso National Laboratory, P.O. Box 49, DK-4000 Roskilde, Denmark
8 Laboratorium fr Festkdrperphysik, ETH Zlrich, CH-8093 ZUrich, Switzerland

Abstract

Solid state physics encompasses fundamental research that has underpinned much of the technological progress
in the last 50 years. Recent trends include the emphasis on complexity, including organic materials, and reduced
dimensionality down to the scale of quantum dots. In the large variety of instruments used in solid-state physics,
scattering has a special place as it gives information on spatial correlations. Within scattering techniques,
neutrons are unique as they are able to provide, simultaneously, information on both the static and dynamical
correlations. We discuss these advantages for neutrons, stress the materials-driven nature of this approach, and
present a selection (by no means complete) of flagship experiments that will be possible only at the ESS. We

conclude with a discussion of the best instruments and pulse structure for frontier experiments at the ESS.

l. Introduction

This report identifies future research frontiers in solid state
physics. It starts by reviewing briefly the general capabilities of
neutron scattering methods for the study of phenomena in
condensed matter physics, with particular emphasis on the
capabilities provided by powerful modern spallation neutron
sources such as the ESS. Although complementary methods
such as the other scattering probe, synchrotron X-rays, and
local probes like NMR, EPR and Mdssbauer, provide
important information, our deliberations have confirmed the
unique opportunities afforded by neutrons in general and by
ESS in particular. The report highlights examples of flagship
experiments, and addresses the impact that the ESS can have
in these frontier areas. Recommendations for instruments and
target options are presented.

Research in the solid state continues to have a high impact,
both in basic physics as well as with respect to technological
applications. Recent examples include high-T. and other
unconventional superconductors, low dimensional
semiconductor structures, magnetic thin films, and materials
with giant magneto-resistance. A great deal of basic research
is now technology driven and much is oriented towards
nanometer-scale systems. The properties of nano-patterns
and self-assembled quantum dots are of great interest from
both a theoretical and experimental perspective.

The future challenge in basic solid state physics is the
exploration and understanding of the collective behaviour of
large numbers of interacting particles. Although future trends
are notoriously difficult to predict, two important directions
emerge. Firstly the tendency to higher complexity, specifically
materials which have physical properties determined by
competing interactions, and secondly the trend to reduced
dimensionality, both by synthesizing materials with low
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dimensional structural elements and by reducing the physical
size of objects to surfaces and interfaces, single atom wires
and dots. One basic interest in solid state physics is to
establish the ground state of relevant systems. This may be
done by exploring possible excitations out of the ground state,
neutrons are a versatile, and often unique probe with which to
accomplish this goal.

The table summarises some of the research areas that are

expected to be of major interest in ten years time.

Table 1:

Frontier Research Areas in Solid State Physics

Dimensionality

Complexity

Structures and
lattice effects

Non-equilibrium
and time-
dependent
phenomena

New Materials

Quantum dot arrays

Transport and
magnetic properties
in 1-d systems

Domains walls,
domains
correlations, grain
boundaries

Surfaces and thin

Interplay of spin,
orbital and charge
degree of freedom

Coupled excitations

Strongly interacting
electron systems

Flux line lattices

Phase transitions,
quantum critical

Frustration

Disorder, interfacial
roughness

Proximity effects
Lattice modes

Confinement

Fast response to
external probes and
fields

Magnetic fluctuations
and relaxations

Tunnelling

Molecular magnets

Interfaces/hybrid
structures

Self-organising
molecular systems

Novel magnets and
superconductors

Organic materials

films

points

Il. The role of neutrons

In solid state physics, the degrees of freedom and interactions
necessitate the use of a large variety of experimental
methods. Bulk measurements of thermal and transport
properties are invariably the first step, but several techniques
are needed which are sensitive to the atomic environment and
electronic structure, and which provide information on the spin
state of the electron. Electron correlations in the solid state
exist over vast ranges of spatial and temporal (energy) length
scales. Local probes such as STM, and atomic spectroscopic
studies using electromagnetic radiation  provide crucial
information. In addition, scattering methods (neutrons, x-rays
and electrons) provide inter-atomic information on spatial
correlations. However, the neutron has a unique combination
of properties that make it indispensable for many problems in
solid state physics. The de Broglie wavelength of thermal
neutrons is on the same scale as inter-atomic spacings,
allowing diffraction experiments to be conducted to locate the
positions of atoms. Because of their mass, neutron have a
rather low kinetic energy; they can be moderated and neutron
beams are produced with energy in the range 0.1 meV to
10 eV, well matched to solid state excitations. (This is to be
contrasted with x-rays, which at comparable wavelengths are
much more energetic, in the keV range.) Because of their
magnetic moment (spin), neutrons are sensitive to magnetic
moments arising from electronic and nuclear magnetic

Because of a unique
combination of properties,
neutrons are a powerful
and indispensable probe
of solids.

Neutron diffraction is the
unique method for the
determination of magnetic
structures.
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moments. Because they are uncharged, neutrons penetrate
deep into materials. Because they are weakly interacting (in
contrast to electrons), measured scattering cross-sections can
be compared directly to theory.

Neutrons have played a pivotal role in the investigations of
phase transitions and co-operative phenomena, magnetism,
structure (static and dynamics), as well as in many other
fields. Particularly intriguing is the connection between phase
transitions and theoretical concepts, such as symmetry
breaking, order parameter, universality class, scaling and
critical behaviour. In the past, the interplay between theoretical
concepts and experimental observations concerning phase
transitions has been extremely successful and many
significant contributions have been made using neutron
scattering.

A vast panoply of neutron techniques have contributed to this
work. Neutron diffraction (from powders and single crystals) is
a basic, but essential, technique, providing information on
chemical and magnetic structures. Neutron reflectometry
using polarised neutrons has given us a clearer picture of the
growth and the physics of magnetic thin films and
superlattices. Inelastic neutron scattering is the only probe that
provides a complete picture of both structural and magnetic
dynamics in solids. Emerging techniques include analysis of
three dimensional polarisation, and the direct mapping of the
full dynamical susceptibility over the entire Brillouin zone. All
of these techniques suffer from the intrinsic low brilliance of
neutron sources; as a result, the materials studied must have
a sizeable volume and/or sizeable scattering density. The
(lateral and vertical) spatial resolution is restricted to a few 100
um while the temporal resolution is in the 0.1 sec range. The
advent of the ESS will offer entirely new capabilities to explore
spatial and temporal properties of condensed matter with um
and ms resolution, respectively.

Here we emphasise a few topics where neutron scattering
techniques are expected to play a major role. In magnetism,
significant advances are expected in synthesizing molecular
and organic magnets, i.e. solids built from structurally well-
defined clusters containing magnetic ions in a complex
environment. These are of both fundamental importance, and
with respect to potential application in magnetic storage
devices. New developments are also expected in exploring
novel magnetic phases and their dynamics in low-dimensional
systems. The study of phase transitions will continue to be a
major field of research with neutron based techniques.
Systems of high complexity, exhibiting extreme many body
effects (e.g. unconventional superconductivity) and low
dimensional features are known and expected to undergo a
large variety of phase transitions. Their exploration using
neutron techniques will provide crucial insights into the
microscopic mechanisms causing these phenomena. Of high
current and most likely future interest is the relationship
between spin polarisation and transport of conduction
electrons in specially tailored materials, spintronics. High
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intensity neutron beams will play a central role in elucidating
the spin polarisation and dynamics of these electrons.

lll. Future opportunities — flagship areas
The ESS will lead to breakthroughs in three distinct ways:

a) to allow scientists to address new problems, and to ask
new questions.

b) to provide new tools to tackle problems at the research
frontiers.

c) to offer high quality experimental data for unambiguous
discrimination between theoretical models.

In the following, we present selected flagship areas which are
representative of the topics listed above.

Dynamics of superlattices, thin films, wires and dots
Following the discovery of giant magneto-resistance in 1988,
the physics of micro- and nano-structured magnetic materials
has become a field of intense activity. Thin films and
superlattices, as well as wires and dots are now extensively
studied for their fundamental properties and their potential
applications in systems like sensors and magnetic random
access memory devices (MRAMS). Understanding the
dynamics of these systems will continue to be a key
challenge. In contrast to Brillouin light scattering and
ferromagnetic resonance techniques, neutron scattering gives
access to the whole Brillouin zone.

Brillouin light scattering has provided the first dispersion
curves in magnetic dots, but is limited to 30 GHz. Until now,
there is no theory able to explain the excitations measured in
dots, even in simple NiFe square dots. An experimental input
at higher frequencies appears to be essential in understanding
the dynamics of these systems. A reflectometer at the ESS
will offer the capability of measuring spin wave spectra in very
thin films, wires and dots, and will certainly have an important
impact on the field of nano-magnetism.

The observation of magnetic inelastic scattering from
superlattices is presently at the limits of neutron technology.
An interesting experiment has been performed recently at the
ILL on a Dy/Y superlattice, where the effects of folding on the
inelastic response function due to the superlattice periodicity
have been observed. Such neutron experiments allow the
exchange coupling parameters, both within a single layer and
between the layers, to be deduced. However, this will require
a considerable increase in intensity, coupled with better
resolution, especially if technologically important films such as
transition-metal superlattices are to be examined and
understood.
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Molecular magnets

A typical example of a molecular magnet is Mn,, acetate with
total spin quantum number S = 10, giving rise to thousands of
excited spin states which can only be disentangled by high
resolution neutron spectroscopy. For instance, the lowest lying
group of spin states comprises (2S5 + 1) =21 levels of
energies no < 1.2meV as shown in Figure 1 below. Mn;,
acetate exhibits quantum tunnelling between these spin states
which can be tuned in a controlled manner by an applied
magnetic field. This opens the way to a novel class of
information storage systems on the molecular level.
Unfortunately, the quantum tunnelling in Mn;, acetate is
restricted to temperatures of a few Kelvin. The search is on for
materials that would preserve the virtues of Mn,, acetate at
liquid nitrogen temperature.
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Energy spectra observed at three different temperatures in
Mn,, acetate (Courtesy of |. Mirebeau).

Figure 1:

Spin density waves in organic materials

Among the low-dimensional electronic systems, the charge
transfer Bechgaard salts (TMTTF),X and (TMTSF),X
(X = PFg, AsFgs, SbFe, SCN) show the richest phase diagrams
with almost all known electronic phases: a metal, a
paramagnetic insulator, spin and charge density wave states,
a spin-Peierls state and finally an unconventional
superconducting state.
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Other salts in the same family have been shown to exhibit the
quantum Hall effect. The phase diagrams have been mapped
out mostly based on transport and specific heat data as well
as NMR results.

For the spin density wave (SDW) phases, detailed NMR
predictions exist concerning the wavevector of the modulation
and the amplitude of the ordered moment. Yet, so far, direct
neutron evidence for a SDW superlattice peak is missing, due
to a combination of the weak magnetic moment (~ 0.08ug), the
unfavourable magnetic form factor and small sample sizes.
Experiments of this type will become possible with the
intensity available at the ESS, allowing a direct determination
of the SDW amplitudes and periodicities, and thereby opening
up an entirely new area of research.

1 1 T 1 Li T I Li T 1 'I T 1 Li

Fe, (TMTTF),PF,

100 :_
M-HI M

T ||r1|||

p (GPa)

Figure 2: Phase diagram of the Bechgaard salt (TMTTF),PF¢ deduced from
resistivity (Courtesy of D. Jaccard).

Revealing exotic interactions

The properties of magnetic materials are usually described in
terms of bilinear spin interactions. Neutron spectroscopy with
its dipole selection rule |AM| =1 has been the technique of
choice to measure the magnetic excitation spectrum and
thereby, to allow the direct determination of the magnetic
exchange coupling constants. However, there are numerous
examples such as molecular magnets, high T, cuprates and f-
electrons compounds where higher-order interactions (e.qg.
quadrupolar, octupolar, three- and four-body exchange) are
relevant, but their sizes could so far not be determined
directly. In principle, neutron scattering allows the direct
observation of higher-order term transitions. However, the
associated transition matrix elements are typically two orders
of magnitude smaller than for dipolar scattering. Such novel
experiments would be made possible by the ESS.
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Coupled excitations

Excitation phenomena in solids can be classified into single
particle continua and collective modes. Because of intensity
constraints, neutron scattering experiments have been almost
exclusively limited to collective modes. Recent investigations
of two-spinon continua in insulating one- and two-dimensional
quantum magnets are pushing the limits of current sources. At
a chopper spectrometer at the ESS with wide reciprocal space
coverage, detailed maps of single particle Stoner continua in
metals and superconductors will be obtained up to energies of
the order of the Fermi energy. In systems where correlation
effects are strong (which are currently at the forefront of
condensed matter science) it will be possible to extract a
wealth of information on the band dispersions, Fermi liquid
parameters, superconducting coherence effect, etc., that is
currently inaccessible. The high neutron flux at the ESS will
also enable high resolution measurements of the intrinsic
lifetimes of collective modes over the entire Brillouin zone.
Although predictions for the lifetimes of magnetic and lattice
vibrational excitations (for instance, due to electron-phonon
scattering) have been available for many years and are
becoming ever more accurate, they could thus far be tested
only in a few special cases.

Physics of defects at the dilute limit

The increasing sophistication of “first principles” theoretical
calculations of the fundamental electronic structure, total
energies and atomic short range order, places stringent
demands upon the accuracy of experimental measurements of
the extended atomic and magnetic defects around impurity
atoms in metals, alloys and compounds. Experimentally,
information on this problem can be obtained only from diffuse
neutron scattering experiments, with polarisation analysis. The
associated cross sections are extremely small and counting
times are often prohibitively long. Moreover, such experiments
should ideally be carried out at extreme dilution to circumvent
the often intractable problem of non-linear superposition of
overlapping defects. These experiments are crucial for a full
solution of the defect problem and experimental corroboration
of the most sophisticated of our “first principles” band
theoretical calculations, but is not feasible at present neutron
sources.

Spin glass dynamics

It has been said that the deepest and most interesting
unsolved problem in solid state physics is probably the nature
of glass and the glass transition. Indeed the status of the glass
transition as a true thermodynamic transition is still
questioned. Spin glasses provide a simple analogue of the
structural glasses yet the accurate measurement of relaxation
processes in spin glass systems is at the very limits of what is
feasible at present using spin echo facilities. A wider Fourier
time, coupled with significantly improved counting statistics, is
required to determine the precise functional form of the
relaxational dynamics, both for comparison with structural
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glasses and to discriminate between the proposed theoretical
models. In addition the measurements should also be
performed over a wide range of magnetic dilution, the lower
ranges of which are entirely inaccessible at present. The
implications of such studies are profound, as many of the spin
glass relaxational models are finding applications in areas as
diverse as virus mutation, protein folding and the travelling
salesman problem.
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Figure 3: Temperature dependence of the magnetic response of UPd,Al3
near the superconducting phase transition. Above the phase
transition, there is coexistence of quasi-elastic scattering and
dispersive modes. In the superconducting state the quasielastic
scattering is replaced by a low-lying inelastic mode (data taken
from (Courtesy of N. Bernhoeft).



Quantum phase transitions

Of special interest are situations where either the competition
between different interactions prevents the system from
readily adopting a well-defined ground state, or where a
restriction in spatial dimensionality does not allow for long-
range ordering phenomena. Interactions of similar, medium or
large magnitude may lead to very complicated phase
diagrams. Cases where all the interactions are of similar
strength and weak are very challenging. Here the situation
may occur that the phase transition only sets in at T = 0K, in
the quantum critical regime. A related example would be the
important and technically challenging experiment on a
material such as the recently discovered ferromagnetic
superconductor UGe,. Inelastic scattering experiments need
to be performed at low temperature (< 0.5 K) and at pressures
of up to 3 GPa.

The key requirement is to map out the inelastic response
function over a wide range of momentum space and energy as
a function of temperature, external pressure and applied
magnetic field. While neutron scattering can make unique and
essential contributions to our understanding of the
mechanisms underlying these phenomena, the sample
volumes that can be subjected to these extreme conditions
are necessarily small. At current neutron sources, inelastic
scattering studies are hence restricted to a few special cases.
Detailed investigations of the dynamic aspects of magnetic
field and/or pressure induced quantum phase transitions
require the ESS.

It should be stressed that in such experiments the positions in
momentum space where the maxima will occur are unknown,
so that a wide “mapping” technique is required. Many new
materials call for this approach; unavailable at present, but a
planned development at the ESS.

IV. Instrument requirements at ESS

The requirements for instrumentation in solid state physics are
based upon two principle demands: that of probing (Q,m)
space for excitations, and that of providing a detailed
structural (atomic and magnetic) characterisation of the
sample. Whilst the former demand can only be met by a suite
of inelastic scattering spectrometers, the latter must be met by
a range of rather disparate total- and elastic scattering
instruments, namely powder and single crystal diffractometers,
diffuse scattering instruments and reflectometers. In all cases
polarised incident neutrons and polarisation analysis are either
essential or a distinct advantage, and the instruments should
be capable of accepting extreme sample environments (e.qg.
pressure, magnetic field, temperature etc.).

The key scientific topics we have highlighted demand a
coverage of Q space from 0.1 <Q<12A" and an energy
transfer range of six orders of magnitude, from peV to eV. This
can be achieved through an instrument suite consisting of a

Experiments at the ESS
will set new benchmarks
for extreme conditions of
external pressure and
magnetic field, thus
providing important
insights into zero-
temperature phase
transitions driven by
quantum fluctuations.

A suite of high-
performance instruments
is required to fully realise
the potential of the ESS for
solid state physics.

A'wide coverage of energy.
and momentum space;is
essential.



backscattering spectrometer, a variable resolution cold
chopper spectrometer, thermal and high energy chopper
spectrometers, and a constant-Q spectrometer. The resulting
coverage of Q- space is illustrated in the diagram below.

A single crystal diffractometer is an essential component of
the suite for determination for the structural and magnetic
order and for crystallographic studies of multilayer systems.
Polarised incident neutrons and high magnetic fields at the
sample position will enable magnetic spin density
determination.

Energy (-0
transfer
(eV)

Momentum
transfer (A-1)

. Backscattering D Thermal chopper D ConstantQ spectrometer
spectrometer(17 LeV) spectrometer (for elastic discrimination

High energy chopper
spectrometer

S Variable resolution cold

o chopper spectrometer

Figure 4: Required coverage in the Q- space.

Solid state physics places several conflicting demands on
powder diffractometry. Firstly the growing complexity of
magnetic structures (e.g. spirals and spin density waves)
studied by neutron diffraction requires high resolution
(A d/d > 0.1%) across a Q-range from a lower limit of at least
0.3A" to 12 A", The efficient mapping of the evolution of
magnetic and structural phases in parameter space defined by
pressure, temperature and magnetic field is best met by a
diffractometer following the GEM design at ISIS.

The study of the structures of artificial films, multilayers and
mesoscopic structures requires a reflectometer optimised for
intensity rather than resolution. Polarisation analysis and
surface capabilities are essential. A dynamic range of 10% up
to a Q of 0.512 A represents a real advance in reflectometry
and should be considered to be a design goal.
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Our conclusions are summarised below:
Priorities for instruments:

First Priority:

Chopper Medium Resolution

Chopper High Resolution

Cold Chopper

High Intensity Reflectometer + Energy Analysis
Magnetic Powder Diffractometer

Second Priority:

High Resolution Powder Diffractometer
Chemical Single Crystal

High Resolution NSE

Medium Resolution Backscattering
Diffuse Scattering Diffractometer
Constant Q
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Achievements of neutrons in solid state physics

= Almost everything which is known about magnetic structures of electrons— from the early
demonstration by Shull of antiferromagnetism in simple systems, to the complex magnetic
structures being developed for new magnetic materials — has come from experiments with
neutrons. Complex magnetic orderings which include spirals, fans, and cycloids, and
asymmetric magnetisation have been unravelled by neutron diffraction experiments.

= Pioneering experiments have been made on nuclear spin ordering in Cu and Ag, which
are antiferromagnets below 70 nK and 600 pK respectively. These observations of one of
the weakest interactions in a solid is a significant step towards defining the ultimate
ground state of electronically non-magnetic materials.

= Polarised neutron reflectometry of surface and interface magnetism in thin films and
multilayers is providing technologically relevant information. Important examples include
the observations that the magnetic order can propagate through non-magnetic layers and
that giant magnetoresistance is not necessarily associated with antiferromagnetic
coupling. Magnetic roughness can be separated from the chemical roughness.

= Neutron diffraction provided the first microscopic evidence for flux line lattices in
conventional superconductors and played a major role, especially at higher magnetic
fields where no other technique can image flux lines, in accounting for the large
dissipation in the high-T. materials.

= Neutrons have provided the definitive crystal structures in high temperature
superconductors, which have served as the basis of all considerations of the
superconducting mechanism and have led to production of better quality samples.
Neutrons have precisely located the positions of the oxygen atoms, where the charge
carrying holes reside. Of particular importance has been the demonstration of the charge
transfer concept of hole doping with oxidation, and that the superconducting temperature
was related to the evolution of structural order. Neutron spectroscopy has provided unique
information on the nature of magnetism in high temperature superconductors, on the
interplay between magnetic fluctuations and superconductivity and on the role of the
lattice dynamics.

= |nelastic neutron scattering has provided unique information on the interaction and
anisotropy energies which determine the Hamiltonian operator. Extensive measurements
on magnons and crystal field excitations over a wide range of frequency and momentum
space have revealed e.g. the interaction of the spin waves with the single particle
excitations (Stoner continuum) in iron. Similarly, measurements of phonons and their
density of states have improved our understanding for example of the role of phonons in
the martensitic phase transition in the Vb metals.

= Major contributions to our understanding of model systems for statistical physics in one,
two and three dimensions, include the verification of the Haldane conjecture, determining
the properties of the Haldane gap, and the discovery of solitons, as the characteristic
elementary excitation of strongly non-linear magnetic systems. This also includes the
observation of solitons in solids and the demonstration of all the expected, but previously
not observed, properties.

= Qutstanding results from space and time-dependent studies of correlated electron
systems include proof of the importance of correlations for the spin dynamics and the
antiferromagnetic character of the spin correlations. The interplay of electronic degrees of
freedom (charge, spin and orbital order of electrons) has been amply evidenced.
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= One of the most fundamental questions in condensed matter physics concerns the liquid
and solid phases of ®*He and “He. Experiments with neutrons have provided unique and
important information on, for example, the Fermi liquid parameters of °He, the Bose
condensation of liquid “He and the magnetic structure of solid ®*He. The importance of
understanding these quantum systems was highlighted by the award of the 1996 Nobel
prize in physics for the discovery of superfluidity in *He by Lee, Osheroff and Richardson.
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Abstract

Materials science and engineering provide the keys to future technologies, economic wealth and sustainable
growth. They are also the keys to mastering many of the challenges for the next generation, such as the
development of new energy sources and the reduction of pollution. Because of these many different aspects,
materials scientists and engineers use a large number of experimental techniques. Neutron scattering has always
been an important tool for the provision of structural information on the atomic scale and for the understanding of
dynamical properties of solids and liquids. However, in the early days of neutron scattering this technique was an
exquisite tool in the hands of a few specialists. Because of its sustained success in providing unique answers to
materials science problems, neutron scattering has become increasingly popular among materials scientists and
likewise engineers. Today the advance of numerous materials science topics relies heavily on the availability of
strong neutron sources. The strongest neutron sources available at the present time are often at the limit of their
capabilities. Presently the data acquisition is often too slow for in-situ and real-time studies of dynamic changes
and process monitoring. Modern technologies demand information from smaller sampling regions, sometimes
buried in larger component volumes or environmental chambers, samples in complex environments, samples in
real time evolution and from samples in extreme fields. The next generation of high power pulsed neutron sources
will dramatically alter the nature of the experiments which are possible, allowing for the first time investigations of
materials in real time, with realistic dimensions and in real conditions. Improved data acquisition will enable pump-
probe type experiments, to study the spin structure in magnetic nanostructures for information technology
devices, and to provide high resolution three dimensional maps of stresses and textures of engineering
components during fatigue cycling. In addition, the time structure, which is unique to pulsed sources, will be
exploited, for example in chemically sensitive radio- and tomographic imaging. Therefore, the ESS will be an
extremely powerful tool for the analysis of advanced materials, which are of scientific, commercial and practical
interest. In this respect the ESS will be highly significant for maintaining the competitive edge of materials science
within the European Union as compared with that in other parts of the world.

In order to capitalise on the opportunities the ESS offers for neutron research in the area of Materials Science and
Engineering, several instruments are required, including an engineering diffractometer for stress-strain analysis, a
high resolution and focussing small angle scattering instrument for in-situ kinetic measurements of microstructure
and pore growth, a polarised neutron reflectometer for the analysis of magnetic nanostructures, a tomography.
and radiography instrument for imaging large industrial components, and a high resolution/variable resolution cold
chopper spectrometer for the analysis of the internal dynamics of atoms and molecules.

l. Introduction

The road to our present day use of a vast variety of novel Materials science
materials and engineering processes is marked by an development during the
outstanding array of discoveries, inventions, and theoretical past 50 years.
insights. The start of modern materials research dates back

about 50 years. Since then the transistor has been invented,

superconductivity explained, high temperature

superconductors and the quantum hall effect have been

discovered, semiconductor lasers and magnetoresistive

reading heads for hard disks have been developed, and finite

element modelling has revolutionised structural and process

design. New structural materials have become available such

as high temperature and corrosive resistant steels, light weight

foam metals, carbon fibre reinforced materials, shape memory

alloys, superalloys, photo-voltaic materials, energy conversion

and storage materials. Material processing techniques have
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seen similar advances through new friction based solid state
welding techniques, surface hardening treatments, and
corrosive resistant coatings. At the same time, the
understanding of more traditional building materials such as
concrete has dramatically improved. These are but a few
examples to illustrate the remarkable progress materials
scientists have achieved in recent years.

Il. The role of neutron scattering

Neutron scattering has established itself as one of the most
important tools for the analysis of materials. Metals, ceramics,
and their composites, semiconductors, superconductors,
nanophase materials, liquids, polymers, paints, lubricants,
concrete, coal, wood, bones and biomaterials as well as many
other materials have been analysed with great success using
neutron scattering. The results are accessible through
publications and data banks. Engineering developments and
applications draw heavily from this body of work.

In contrast to other experimental techniques, neutron
scattering provides access not only to the positional order of
the atoms but also to their dynamics. Depending on the
material chosen, the motion of atoms in thermal equilibrium
ranges from local vibration of atoms in solids, diffusion of
atoms in liquids and solids, creeping motion in polymers,
rotation of molecular sidegroups, and tunnelling of atoms
through potential barriers. As a result of these investigations,
the elastic properties of materials are very well understood,
the danger from hydrogen embrittlement of steels can be
predicted, and the dependence of the lifetime for metal —
semiconductor junctions on the operation temperature can be
determined.

In many situations neutron scattering is an indispensable tool,
since no other method provides information within the same
space — time window. Without neutron scattering our
knowledge of the vibrational properties of atoms, the
diffusional dynamics of liquids and polymers, the jump vectors
of interstitials in host lattices, and the rotational dynamics of
molecules would be much more limited. Without neutron
scattering we would not have information on oxygen ordering
in high temperature superconductors or on hydrogen
vibrational potentials in metals. Furthermore, neutrons have a
magnetic moment that interacts with the microscopic moments
in solids and liquids and with magnetic field distributions in
superconductors. Without neutron scattering we would not
know about the ordering of magnetic moments in ferro- and
antiferromagnetic materials, flux ordering and melting in
superconductors, about the vortex states in low dimensional
magnetic systems, and spin disorder in frustrated magnetic
alloys.

Neutrons can also penetrate many centimetres through
engineering materials, allowing non-destructive studies of
large components and samples in complex environmental or
processing chambers. Neutrons are thus particularly well
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suited to non-destructive studies of components in their as-
fabricated and in-service condition such as engine parts. At
the same time, neutrons take a volume average such that
results are relevant for the properties of real materials.

Whenever new materials become available, neutron scattering
plays a key role in providing a microscopic understanding of
their structural, dynamic and magnetic properties. Such
understanding is vital for the development of these materials
in technological applications and for their implementation into
the production process. This is shown by the improved insight
that has been gained through neutron scattering into high-T,
compounds, into Giant Magneto Resistance (GMR) and
Colossal Magneto Resistance (CMR) materials, into
fullerenes, and other materials of present interest. This will
undoubtedly also be the case for any new class of materials
that are discovered.

Neutron diffraction also provides important insights into new
and established processing methods, from the stresses
caused by new joining techniques to the molecular alignment
of polymer molecules during plastic manufacture.

Although neutron source particle fluxes are lower than those
of the new generation of high brilliance synchrotron sources,
neutrons nevertheless remain the preferred tool in many areas
of materials science, because of the quality of the information
each particle delivers. For example, neutron scattering is
preferable in many cases over x-ray scattering because of a
lower background and a cleaner signal, particular for magnetic
scattering. Furthermore, neutron scattering provides absolute
structure factors and total magnetic moments for direct
comparison with theory. Only neutron scattering provides a
strong contrast by isotope substitution, which is best known for
the case of hydrogen and deuterium, but is also extremely
useful in other fields such as the study of binary metallic
alloys. Furthermore neutrons provide a probe of bulk
properties deep within samples, for instance in engineering
strain measurement.

lll. New opportunities with neutrons at the ESS

With the ESS gain factors exceeding two orders of magnitude
are projected. The increased flux and intrinsic time structure
will allow the development of new materials science
investigations with innovative instrumentation inconceivable
on existing neutron sources. With the provision of these
improvements, a huge impact on materials science is
expected:

e Time resolved experiments, with second to milli-second
resolution;

e Higher spatial resolution to the important sub-millimetre
region for monitoring residual stress, high pressure and
high temperature experiments, and for detecting of
interfacial diffusion and reactions at interfaces of metal and
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organic multilayers;

e In-situ real time experiments, for example nucleation and
recrystallisation of undercooled liquid alloys, the ageing
and fatigue of alloys under cycling conditions;

e Analysis of the spin structure and spin fluctuations of
laterally patterned arrays or magnetic nanostructures;

e Routine determination of 3-D maps of stress and texture
within engineering components;

e Neutron tomography for the production of 3-D images of
machine parts under working conditions in real time, and
with structural sensitivity;

e Pulsed radiography to study fast
phenomena with isotope sensitivity.

time dependent

The sustainable growth of society can only be achieved if new
materials and material combinations are explored on all length
scales and time frames, and under real conditions. The
following examples are identified as important areas that can
be foreseen to play a vital role within the next decade and
beyond. These areas will benefit tremendously from neutron
scattering experiments at the ESS, but represent only a small
number of the potential applications of neutrons to materials
science and engineering.

Lubrication

Ineffective lubrication leads to premature wear and failure of
mechanical parts, which causes an estimated damage in the
USA of about 6 % of the gross national product [1]. It has
been demonstrated that neutrons can unravel the structure
and dynamics of lubricants in moving engineering parts [2,3].
For the first time the dynamics on all length scales, embracing
macroscopic flow to molecular diffusion under real loads, can
be studied with neutron scattering, opening a new approach
for the understanding the lubricant flow dynamics, which will
undoubtedly lead to the development of new lubricants for
extreme conditions. In particular, with neutron scattering it is
possible to determine the velocity gradient of liquids under
shear load and to distinguish between Newtonian and non-
Newtonian liquid flow. Moreover, with neutron spectroscopy
the macroscopic velocity gradient can be related to the
excitation of internal rotational and librational modes of the
molecules. Presently the lubricant layer in these
measurements has a minimum thickness of about 0.3 mm, far
more than realistic scales of industrial interest. Studies of
reduced film thickness relevant to real applications (~ 10 ym)
will only become feasible at the ESS with the improved
intensity available. Moreover, the intrinsic time structure of the
ESS is ideally suited for time-of-flight spectroscopy studies of
the flow dynamics and internal excitations.
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Figure 1: Schematic velocity profiles for liquids under shear load are

shown to the left. The middle left panel shows the classical
Newtonian profile with a linear velocity gradient between a fixed
and a moving plate. Lubricants often deviate from this behaviour.
Either the lubricant may stick well to the surface of the plates,
while the interior layers are weakly coupled, yielding a velocity
profile as shown in the top panel; or the interaction between the
liquid layers is strong, leaving only a thin liquid layer with an
intermediate velocity. Neutron scattering experiments test the
velocity profiles and provide simultaneously information on the
internal dynamics of the molecules and their frictional losses.
The right panel shows neutron scattering spectra for a lubricant
flow between a disk at rest and a disk with constant angular
velocity. The top spectrum is for a liquid with strong internal
friction, the middle for a liquid with a Newtonian velocity profile,
and the bottom for a liquid with strong adhesion to the surface.
(courtesy of Wollf, Magerl, Hock, Frick, Zabel [3] and ILL report
2002).

Mechanism of deformation and damage

Describing materials deformation and understanding the
mechanisms involved are a vital part of engineering science.
Neutron scattering provides unique micro-mechanical data.
The neutron sampling size is particularly well matched to the
scale of engineering stress-strain concepts. However, going
beyond model systems and timescales to real fatigue cycling
conditions and components requires data acquisition rates,
which are inaccessible today. ESS will enable the assessment
of real scale components on realistic time scales. For
example, new solid state joining techniques require more
accurate information about the generation of residual stresses
that will add to in-service stresses foreshortening life.
Furthermore, finite element models have become the main
method for design and assessment of engineering structures
[4]. These models cannot be developed reliably without
accurate information to validate them. Neutron diffraction is
the only technique that can do this, as it provides data from
deep inside most engineering materials. Model validation has
become vital to modern industry, as timescales for technique
and component design process, from drawing board to final
uptake, become shorter.
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Crack tests are performed on engineering metal bars that are
subjected to fatigue cycling with a varying load. The left figure
shows the elastic crack opening strain along the line of a crack in
an aluminium bar as measured by neutron diffraction; note how
the crack tip stress is significant even when the crack opening
load is removed. The right panel reproduces the associated finite
element model, showing how prior residual stresses cause the
crack to close near the top surface upon unloading; this closure
holds the crack tip open (red: tensile, blue: compressive stress).
In the future this type of experiments can be carried out in real
time under real fatigue cycling conditions with the pulsed
spallation source. (courtesy of Korsunsky, Fitzpatrick and
Withers [5]).

Energy storage and conversion devices

Society

is becoming increasingly dependent on energy

storage and conversion devices, such as batteries, fuel cells
and solar cells. New rechargeable cathode and anode battery
materials should provide a higher energy density, and be
environmentally friendly and cheap, in order to facilitate large-
scale applications of renewable energy.

(o=iiges B electrolyte anode

Figure 3:

Schematics of a Li - ion battery to the left. Neutrons provide the
essential information on the position and mobility of the Li* ions
in environmentally more friendly and high energy density
LiMn,O, batteries. Neutron scattering results have recently
proven the coupling between structural transitions and ordered
ionic charge localisation in the LiMn,O4 spinel structure, shown
to the right [6,7]. The Li ions are shown in purple, the Mn ions in
blue-gray, and the oxygen ions in red. At the ESS the charge and
discharge of the battery could be monitored on the atomic scale
under real operating conditions, which will help to improve
rechargeable battery lifetimes.

Optimisation of such materials and devices relies on in-situ
characterisation under operating conditions for improving the
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performance and durability of such devices. ESS will take
structural and dynamical information from tailored laboratory
model systems to real time scales and conditions. In the drive
to replace LiCoO, with more environmentally friendly and high
energy density LiMn,O, batteries, neutrons provide
information on the movement of the Li ions and associated
structural changes. Such studies take advantage of the
neutron’s inherent ability to monitor light atoms, even in the
presence of heavy atoms.

Information technology
Greater demands are being placed on new magneto- Spin valves for readi
electronic devices for faster data handling and higher density heads and for non-vc
non-volatile data storage. The device applications (MRAM, magnetic access

GMR heads, spin transistor) depend on control over the information storage
switching behaviour, hysteretic losses, and bit life times [8]. devices.

MRAM-Storage Device

Soft magnetic layer Cannecting - metal bars

Hard magnetic layer

Contacting metal bars

glancing incident angle

00 0z 04 o 08 o8 10 1.

out

glancing exit angle

Figure 4: The upper panel shows a design of a non-volatle MRAM. The
device relies on the switching of magnetic domains with current
pulses in the read and write lines. Spin valve structures are used
for controlling the magneto-resistance, that depends on the
relative orientation of the magnetisation in the top and bottom
ferromagnetic electrodes. Neutron scattering is necessary to
analyse the spin structure deep inside spin valve systems. One
essential part of a spin valve system is a ferro-/antiferromagnetic
contact for providing a shift of the magnetic hysteresis of one
ferromagnetic layer as compared to the other. In the lower panel
a map of the polarised neutron reflectivity is shown from an
antiferromagnetic CoO-film in contact with a ferromagnetic Co-
film at remanence. The specular scattering (diagonal stretching
from the lower left to the upper right) and the off-specular diffuse
scattering provide hints to the spin structure at the interface
during reversal (courtesy of Radu, Voroblev, Major, Humblot, to
be published and ILL report 2002).

4-23



These properties have their origin in the magnetic domain
structure of ultra-small artificially shaped mesas. Advanced
high intensity neutron scattering techniques are required to
provide the magnetic information on a nanometer length scale
[9]. Presently magnetisation profiles can be gained only from
laterally extended films. The ESS will contribute to the
understanding of spin structures and fluctuations in magnetic
dot arrays embedded in heterostructures in a way that is not
achievable with current neutron sources.

In contrast to other experimental techniques which provide
high resolution images of the magnetic domain structure,
neutron scattering will contribute to the understanding of spin
structures at interfaces during real magnetisation reversal
processes. This is particularly useful since the magnetic
neutron scattering cross section is well known and neutrons
are sensitive to ferromagnetic as well as antiferromagnetic
spin structures. Flux limitations at present neutron sources do
not allow studies of magnetic heterostructures with lateral
sizes smaller than 5 x 5 mm?®. With the ESS, the lateral size of
a magnetic array pattern could be reduced to the realistic
dimensions of magnetic storage devices.

Process monitoring and optimisation

Because of the non-destructive deep penetration of neutrons,
they are particularly well suited for imaging embedded
features inaccessible by any other means [10]. Combined with
the inherent ability of time-of-flight methods to discriminate
between different structural components, including magnetic
phases, ESS will add a new dimension to real scale
tomography and radiography. Relatively little neutron
tomography has been undertaken to date because even
radiographs take a significant time to acquire.

Figure 5: Neutron tomographic imaging of an engine part. Neutrons not
only provide a high contrast from hidden parts inside of
engineering components but also a chemical contrast due to
crystalline phase sensitivity. At the ESS the data acquisition rate
will be high enough to monitor a running engine.
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The new source will enable large field (200 x 200mm) sub-
millimetre resolution images to be obtained in seconds and
thus tomography experiments will become feasible for the first
time. Furthermore the pulsed nature will allow the
development of new areas of science, such as structural
mapping neutron tomography. This technique uses the Bragg
edge cut-off to discriminate between different structural
phases and requires a pulsed white neutron beam.

Monitoring protons

The presence of hydrogen in the atomic lattice can switch the
optical and magnetic properties of materials. Neutrons can
monitor where the hydrogen atoms go and how they change
the structure. With the ESS not only the steady state structure
can be determined, but it will also become possible to monitor
hydrogen penetration and diffusion in real scale fuel cells at
operating temperatures. Yitrium metal coatings have recently
been discovered, which can be switched between reflecting
and transparent by the charging and discharging of hydrogen
[11]. Figure 6 displays the coating in the reflecting state and
after hydrogen charging in the transparent state. Neutron
scattering has played a crucial role in determining the location
of the hydrogen atoms and in understanding the basic
mechanism of the switching behaviour [12,13]. New
compounds have recently been discovered which promise
faster switching times, as well as easy and safe hydrogen
handling through electrochemical cycling. In the future
hydrogen will be crucial for energy storage materials and for
energy conversion devices. Neutron scattering will continue to
play a vital role for the understanding and optimisation of
materials and of devices for future hydrogen based
technologies.

Figure 6: Two states of a Yitrium film are shown by their optical properties
before and after hydrogen loading. The 500 nm thick yttrium film
is covered with a 20 nm thick Pd protection layer and placed
behind a white knight and before a chess-board. In the o phase
the film shows metallic reflectivity (a), while in the trihydride vy
phase the film becomes transparent for the visible light (b)
(courtesy of Griessen [11]).

IV. Instrumentation

In order to capitalise on the opportunities the ESS offers for
neutron research in the area of Materials Science and
Engineering, the following instrument suite has been defined
as necessary, in an approximate order of importance:
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e Engineering diffractometer for stress-strain analysis, able
to receive large samples and complex loading
environments.

e High resolution and focussing small angle scattering
(SANS) for in-situ kinetic measurements of microstructure
and pore growth.

e Polarised neutron reflectometer with high Q-resolution and
with high intensity for the analysis of magnetic
heterostructures and nanopatterns.

e Tomography and radiography instrument for the
absorption and time-of-flight imaging of large industrial
components. The time-of-flight method will allow the use of
Bragg-edge cut-off techniques to identify different
components and phases within the engineering materials.

e High resolution powder diffractometer for the analysis of
crystal structures and phases. High resolution
backscattering spectrometer for the investigation of
hydrogen motion and for the flow dynamics of lubricants.

e Variable resolution cold chopper spectrometer for the
analysis of hydrogen diffusion, molecular rotation and
confirmation, and for the internal dynamics of lubricants.

o Diffuse scattering diffractometer with full polarisation
analysis for the investigation of disordered and hard
magnetic materials.

V. Summary
Materials Science and Engineering encompasses many sub-
disciplines, and also overlaps, in part, with solid state physics,
with chemical structures and kinetics, with soft matter, and
with liquids and glasses, described in other parts of this
document. Unique to Materials Science and Engineering is,
however, the bridging function from the fundamental
understanding of materials properties to device applications
and development of engineering components. Neutron
scattering has played a recognised key role in this field during
the past 50 years. With its increased flux and intrinsic time
structure the ESS is expected to have a huge impact on
materials science and engineering developments in the future
because of:

e the higher flux that enables real time experiments,
providing movies of structural and dynamical
developments of materials;

e the higher resolution in respect to time, real space and
reciprocal space that supplies a much improved data base
for finite element models of engineering parts;

e the real operating conditions of pressure, temperature, and
liquid or gas environments that materials can be tested in;

e the real scale components that are accessible to neutron
beam studies.

Thus neutron scattering at the ESS in combination with
computer simulations will have a very large impact on studies
of materials and engineering components in real time, on real
scale, and under real conditions.

4-26




References

(1]
(2]
(3]
(4]

(5]
(6]
(7]

(8]
(9]

(10]
(1]

(12]
(13]

B.N.J. Persson, Sliding Friction, Springer Verlag, Heidelberg Berlin (1998)
S.M. Clarke, A.R. Rennie, and P. Convert, Europhys. Lett. 35, 233 (1996)
A. Magerl, H. Zabel, B. Frick, and P. Lindner, Appl. Phys. Lett. 74, 3474 (1999)

J.W.L. Pang, G. Rauchs, P.J. Withers, N.W. Bonner and E.S. Twigg, “Engineering Aeroengine
21 Century”, ISIS Annual Report 2000, p. 66-67

A.M. Korsunsky, M.E. Fitzpatrick and P.J. Withers (1995). Neutron Diffraction Measurement &
of Stresses Around Fatigue Cracks in Al/SiC Particulate Composites. Int. Conf. on Composite
10, Whistler, Vancouver, Vol. 1, p. 545-552

J. Rodriguez-Carvajal, G. Rousse, C. Masquelier, M. Hervieu, Phys. Rev. Lett. 81, 4660 (199¢

H.G. Schimmel, W.Montfrooij, G.J. Kearley, V.W.J. Verhoeven, I.M. de Schepper, Phys. Rev. |
214409 (2001) :

G.A. Prinz, Device physics — Magnetoelectronics, Science 282, 1660 (1998)

A. Schreyer, T. Schmitte, R. Siebrecht, P. Bédeker, H. Zabel, S.H. Lee, R.W. Erwin, J. Kwo,
C.F. Majkrzak, J. Appl. Phys. 87, 5443 (2000)

E.H. Lehmann, P. Vontobel, "Neutron Imaging for Industry Related Inspections”, PSI Annual
Annex VI, p. 50-54

J.N, Huiberts, R. Griessen, J. H. Rector, R. J. Wijngaarden, J. P. Dekker, D. G. de Groot, anc
Koeman, Nature (London) 380, 231 (1996)

T. J. Udovic, Q. Huang, and J. J. Rush, J. Phys. Chem. Solids 57, 423 (1996)

A. Remhof G. Song, Ch. Sutter, A. Schreyer, R. Siebrecht, H. Zabel, F. Githoff, and J. Wind
Rev. B 59, 6689 (1999)

4-27



Achievements of neutrons in materials science and engineering

Inelastic neutron scattering has provided the complete phonon dispersion curves for all
classes of materials, including metals, alloys, semiconductors, insulators, compounds
and crystals of noble gas atoms. Because of this huge data set, a detailed knowledge of
inter-atomic potentials has been established and the effect of ionic, covalent, and metallic
bonding on the elastic and thermal properties of materials is well understood.

The characteristic shear and bending modes of soft layered materials could for the first
time be determined with inelastic neutron scattering, such as for graphite and its
intercalation compounds, for clay minerals, and for transition metal dichalcogenide
materials. This class of layered materials plays an important role in very diverse fields of
applications, ranging from lubricants in car engines to stoppage layers in environmental
waste dumps. The transition metal dichalcogenides are also well known as low
dimensional and anisotropic superconductors.

Martensitic phase transitions transform a particular material from one crystal structure to
another at a characteristic temperature. Often the memory of the former shape is
preserved and can be recovered by back transformation. Alloys which exhibit memory
effects are classified as shape memory alloys. Neutron scattering has provided
fundamental insights into the mechanism of this type of diffusionless structural phase
transition by studies of the structure and their phonon dispersion as they change from
one structure to another. Often the softening of particular phonon modes could be made
responsible for the lattice instability.

Ferroelectric transitions form another subgroup of structural phase transitions, leading to
a spontaneous electrical polarisation of the crystal. Certain ions are being displaced from
high symmetry centro-symmetric positions in the high temperature paraelectric phase to
positions of lower symmetry in the low temperature ferroelectric phase. The displacement
changes the structure and induces a local electric dipole moment. Neutron scattering was
essential for the understanding of this type of transition by mapping the temperature
dependence of the lattice vibrations. Depending on the symmetry of the lattice vibration,
ferro- and antiferroelectric transitions could be identified. Ferroelectric materials are used
as ultrasonic transducers, in piezo — lighters, in high-precision positioning tools, and they
are promising materials in non-volatile data storage devices.

Superionic conductors are a class of solids which exhibit exceptionally high ionic
conductivity. The conductivity reaches values which are more usually encountered in
ionic liquids. These materials therefore have potentially important technological
applications, for example in solid state batteries. Using neutron diffraction, the structure
of superionics were first correctly described, including the random distribution of the
cations in a rigid body centered host frame of anions. Furthermore, with neutron
scattering experiments it was possible to determine the single ion mobility and to relate
this to the ionic conductivity in an electric field. Thus, neutron diffraction and
spectroscopy has played a crucial role for the present day understanding of this important
class of materials and for their future development in batteries and fuel cell electrolytes.

Hydrogen in metals has been of sustained interest to material scientists and physicists
because of its intriguing structural, thermodynamic and electronic properties. Best known
are, however, the damaging mechanical properties of hydrogen, causing embrittlement in
structural materials. Neutron scattering was the prime tool for identifying the interstitial
sites occupied by the hydrogen atoms in the metal host, their jump vectors, and their
mobility. In addition, with neutron spectroscopy the local site symmetry can be
determined as well as the potential parameters for hydrogen as a three-dimensional
anisotropic oscillator. Compounds have been identified via neutron diffraction in which
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4.3 Chemical Structure, Kinetics and Dynamics
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Abstract

Our informed understanding of the materials world around us is based upon a detailed knowledge of the structure
and dynamics of materials on the atomic and molecular level. This contribution reports on molecular and
supramolecular structures with sizes from tenths to hundreds of nanometers and dynamic processes studied by
inelastic and quasi-elastic spectroscopy in the field of chemistry.

Neutron and X-ray scattering are complementary processes: X-rays scatter from the atomic electrons while the
neutrons probe nuclei. This important difference means that neutrons have the ability to accurately locate light
elements in the surrounding of heavy atoms. Since the chemistry of a mixed-metal oxide is determined principally
by the location of the light oxygen atoms (key examples include high temperature superconductors and colossal
magnetoresistance materials), neutron diffraction is the technique of choice for such measurements. Scattering
from the nucleus in non-magnetic systems avoids any effect due to charge transfer and thus gives valuable
information on the chemical bond. Isotopic effects and contrast between neighbouring elements are also an
advantage as compared to X-rays. Neutrons scatter relatively weakly, but the cross-section is well understood
and the high penetration depth of neutrons allows measurements under extreme conditions of pressure and
temperature, or in-beam chemical reaction measurements on large components. The ESS will give substantial
intensity gains over current sources, removing much of the flux-limited problems of current neutron
instrumentation. Furthermore, the time-of-flight technique at the ESS, combined with short pulses and long paths,
will allow high resolution and high flux to solve more difficult structural problems. The high flux and fixed scattering
geometry inherent at ESS will facilitate a new generation of complex sample environments for in-situ experiments.

Chemists respond to the present demands for higher performance materials, cleaner environments and improved
efficiency in use of chemicals in a wide variety of ways. These include the use of smart materials that respond to
their environment, the use of thin films to build devices and the exploitation of pharmaceuticals and other agents
such as catalysts that are active in much smaller quantities than previously used. These developments require the
extension of analytical tools to study chemistry and chemicals in small quantities, in complex mixtures and under
the conditions of imposed external environments of stress, temperature, chemical environment and other fields or
constraints. One of these tools is vibrational spectroscopy, where neutrons have unique properties compared with
other techniques. With the larger neutron flux available at the ESS, it will be possible to follow in-situ catalytic
reactions. One will be able to record vibrational spectra above room temperature with a spectrometer covering a
wide range of energy transfers, at low momentum transfers. The reaction pathways will be tracked down by
observing the reaction intermediates. With such an instrument, it will be possible to measure spectra in aqueous
solutions, which is the natural medium of biological molecules. Chemistry also involves local and diffusive
transport processes which give rise to incoherent (single particle) and coherent (collective) quasielastic scattering.
High-resolution neutron spectroscopy yields the microscopic information in space and time. The increased flux at
ESS will extend such studies to lower concentrations, to systems with large inherent background, to more
complex motions and parameter dependent studies.

l. Introduction

Neutron diffraction gives a unique structural fingerprint of the Neutrons probe nuclei and
crystalline state. Light atoms are detected with high precision give a better contrast for
even in the presence of heavy atoms such as transition light elements, isotopic
metals and actinides. In materials science, archetypal substitutions or neighbour
examples include hydrogen storage materials such as metal elements in the periodic
hydrides [1], and mixed metals oxides such as high table.

temperature superconductors [2] and battery materials [3]. In

organic chemistry, the precise location of hydrogen atoms

free from charge transfer effects contributes to our detailed

understanding of hydrogen bonding from simple model

peptide systems to supramolecular chemistry. The possibility

of isotopic replacement, and in particular H/D substitution, can

be used to great advantage in elucidating specific structural

details (Figure 1).
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Figure 1: Hydrogen bonding schemes in nitroanilines with non-linear
optical activity.

Il. The impact of high flux sources

With increasing neutron fluxes, and particularly with the
advent of the ESS, neutron diffraction experiments typically
involve the collection of a large series of diffraction profiles.
These time-resolved, parametric experiments enable
structural trends to be analysed as a function of physical
parameters such as temperature [4], pressure [5] and
magnetic field. In turn, this leads to a fuller understanding of
phase diagrams and structural transitions, and to deeper
insights into structure-property relationships. Time-resolved
neutron diffraction studies are also a very powerful means of
following chemical reactions. Neutron powder diffraction
allows bulk analysis of materials in “real-life” industrial
configurations yielding important crystallographic,
thermodynamic and kinetic information about reaction
behaviour. Recent studies include investigations into concrete
ageing, silicate compounds, hydrothermal syntheses, self-
propagating chemical reactions, amorphisation, hydride
formation and decomposition and the charge/discharge
behaviour of batteries (Figure 2).

lll. Future opportunities and flagship areas

Energy storage and conversion

Environmental problems, such as the green house effect, lead
to research on new solutions for energy management. Fuel
cells will probably be the cleanest and most versatile power
source of this century. However many scientific problems
remain to be solved: efficient catalytic processes at electrode
surfaces, ionic diffusion in solid state electrolytes, chemical
reaction kinetic optimisation. In all these cases, neutrons will
be useful for probing both structural aspects and chemical
mechanisms.

Materials for cryo-coolers used in space, tritium storage units,
fuel cells and alkaline batteries are now metallic hydrides.
From a fundamental point of view, competition between
magnetic and hydrogen ordering in rare earth-transition metal
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hydrides has been the subject of much recent research. The
recent discovery of switchable mirrors also gives an insight
into the physics than can be studied through these
compounds. In the surrounding of heavy metals, neutron
diffraction is a unique tool for locating the proton in metallic
hydrides: during the absorption process, the electron is
transferred from the proton to the conduction band and only
neutrons, probing the nucleus, can give accurate structural
data. Moreover, for forthcoming applications, most of them
related to clean energy storage and energy conversion, time
resolved experiments would give valuable information on the
chemical and kinetic  processes involved during
charge/discharge cycles, allowing optimisation of these
materials.

Figure 2: Three dimensional view of the neutron diffraction patterns of a
metal hydride electrode during an electrochemical charge in 10
hours. The different phases involved in the reaction are given on
the plot [3].

An increase of flux is essential for studying faster processes
such as very fast discharge phenomena or short circuit
batteries. Materials used in modern batteries often include H
and Li as charge carriers. The cations are distributed over
various sites in the crystal structure and show high mobility.
Their detailed analysis is most important in order to
understand the conduction pathway and requires neutron
diffraction experiments. In addition, the dynamics can be
studied with quasi-elastic neutron scattering. However, the
accuracy of crystallographic data is often affected by the
complexity of the experimental environments. A better
resolution, associated with a larger Q range, will be necessary
for solving new problems.

In-situ studies of catalysts

In catalysis, one can study the surface species that result A catalytic cycle involves
from molecular adsorption, dissociation, or chemical reaction adsorption, diffusion, and
with neutron spectroscopy, even for some systems that reaction steps. Neutron
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cannot be studied by diffraction. The technique is well suited scattering techniques can
for determining the different adsorption sites for atomic play a major role in all
hydrogen on metal or sulfide catalysts [6], for identifying the these aspects of catalysis.
active species in catalytic reactions, and for understanding

deactivation (Figure 3). One limitation is the quantity of

catalyst that nowadays has to be prepared (tens of grams). A

neutron flux one or two orders of magnitude larger would also

allow us to study the adsorption of non-hydrogenous

compounds, such as CO, SO, and NO,. Kinetic studies would

then also be possible.

S(Q,w)

1500

Energy transfer (cm™')

Figure 3: Observed (solid line, recorded at 20 K) and calculated (dashed
line) spectra of an industrial palladium catalyst after reaction.
The surface is covered with methyl groups, which explains the
deactivation [7].

In order to make catalytic processes cleaner and more Improving catalysts by
efficient, one must identify the active species and the reaction spectroscopic studies of
intermediates. To follow in-situ catalytic reactions, one needs reagents and

a spectrometer that can measure the whole vibrational intermediates.

spectrum at small momentum transfer. There are numerous

catalytic reactions that would benefit from such an instrument

in hydrogenation, oxidation or desulfurisation. For example in

the conversion of n-butane to maleic anhydride one could find

out if the intermediate is an olefin or an alkoxide. This would

permit the building of a kinetic model for the reaction.

Hydrogen bonding and proton dynamics in advanced

materials

Analysis of the structure of molecules of biological relevance Neutron scattering is a
is important for understanding their different functions. To powerful means of
study the conformational flexibility of these molecules, analysing the proton
knowledge of the intra- and inter-molecular forces is required. dynamics of molecules of
To achieve this task, vibrational data can be used in biological and
combination with quantum mechanical calculations. Hydrogen pharmaceutical interest.
vibrational dynamics can only be accessed by neutron

scattering [8]. A better energy resolution is needed to

separate the numerous modes of such complex molecules.

So far, measurements have been performed in the solid
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phase; aqueous solutions would be a more natural medium.
The analysis of organic molecules interacting with the surface
of a substrate, as in biominerals and drug supports, offers
new opportunities. The details of the bonding interaction
would lead to a basic understanding of the biomimetic
processes of formation in biomineralisation.

There has been a recent increase in exciting work in the
development of molecular materials with useful and tuneable
physical properties such as magnetism, superconductivity,
non-linear optical activity, polymorphism, etc. This area is
likely to expand dramatically in the next decades. Much of this
work is focused on understanding the intermolecular
interactions holding 3-D arrays of molecules together, which
are often weak hydrogen bonding interactions. The
directionality of these interactions is crucial, and the accurate
definition of hydrogen atom positions by single crystal neutron
diffraction is vital. For example, in pharmaceutical materials
the understanding of polymorphism can often rely on small
energy differences between molecular configurations, while in
supramolecular chemistry accurate quantification of weakly
bonded motifs will allow for more rational crystal engineering
allowing chemists to tailor properties by designing structures.
ESS will advance this expanding area of molecular science by
allowing routine characterisation of all atoms in such
structures. Specifically, ESS will allow such studies to be
carried out on smaller crystals, will offer faster structural
characterisation and allow more systematic examinations of
the phase space of candidate molecular materials. This maps
most appropriately onto the needs of the science.

Proton transfer along a hydrogen bond is the simplest
example of a chemical reaction, a covalent bond is broken
and the hybridisation of the acceptor and donor atoms is
exchanged. The potential energy barrier to proton transfer,
separating the two wells which correspond to the stable
positions of the hydrogen atom, is therefore high and the
mechanism for transfer entails tunnelling through the barrier.
However, because of the modulation of the electronic state of
the molecular skeleton during proton transfer, molecular
vibrations also participate, thus promoting or hindering proton
transfer. New theoretical methods are being developed to
handle coupled tunnelling and vibrational dynamics. Neutron
scattering is a uniquely powerful tool for precisely locating
hydrogen atoms in these systems and then measuring their
dynamics. The tunnelling dynamics in hydrogen bonds can be
probed directly by quasi-elastic scattering and molecular
vibrations are measured by inelastic scattering.

Diffusion in porous materials

Molecular diffusion in porous materials, such as zeolites, is
important in catalysis or separation processes. In addition to
their fundamental character in elucidating confinement
effects, the aim of these studies is to create new diffusion
models valid for complex systems. When the size of the
molecule is comparable to the pore size this leads to diffusion
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limitations, and diffusion coefficients are 3 to 12 orders of
magnitude lower than in the gas phase. Various experimental
and theoretical techniques (Figure 4) are used to determine
diffusion coefficients. In several cases, it has been found that
quasi-elastic neutron scattering is the only technique which is
able to derive reliable intracrystalline diffusivities [10]. The
neutron spin echo technique allows us to probe much longer
time scales, this has been demonstrated for the diffusion of
deuterated molecules in zeolites.

Figure 4: Minimum energy path for benzene in NaY zeolite, between a
cation site (Na in blue) and a window site (the molecule at the
transition state is in red) [9].

Rotational tunnelling

Rotational tunnelling is one of the simplest quantum
dynamical processes. High resolution neutron spectroscopy
has significantly promoted our understanding of the properties
and importance of quantum motion in solids. This is largely
due to the extreme (exponential) sensitivity of tunnelling to the
intermolecular potentials in combination with the fact that it
can be wunambiguously identified. Rotational tunnelling,
combined with theoretical chemistry programs, is especially
suited to obtaining precise rotational potentials. They allow
the determination of the intermolecular interaction potentials
[11] via the use of pressure, of disorder in molecular alloys
and glassy systems, of the influence of time dependent
perturbation of the environment (coupling with phonons) and
of deviations from single particle dynamics by coupling to
other degrees of freedom. This last field, multidimensional
tunnelling processes, will be one of the most exciting in the
future. Rotation-translation coupling is already established
[12]. The coherent counterclockwise rotation of a methyl
group and its centre of mass in a four-fold environment
imposes a surprising fourfold proton density distribution of a
three-fold rotor (Figure 5) confirmed by neutron diffraction.
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Figure 5: Four-fold proton density distribution of a three-fold rotor due to
rotation-translation coupling in a four-fold environment [12].

Tunnel splittings of excited rotational states, well dispersed
molecules isolated in a matrix, extended coherent surfaces,
single crystals, disordered materials, time-dependent effects
such as spin conversion, new forms of multidimensional
tunnelling and new non-hydrogenous rotors will become
routinely accessible to rotational tunnelling spectroscopy with
ESS.

Electrochemistry at surfaces

Neutron reflection experiments are relatively new, but are now
being applied to a wide range of chemical studies. A good
example is the application of this technique to
electrochemistry. The interesting chemistry happens at
interfaces (electrodes) and a wide-range of different chemical
species are present. Neutron reflection is an excellent tool for
the determination of the distribution of various ions and
molecules near an interface and for the determination of the
composition and structure of deposited layers. The underlying
scientific problems arise from important technologies such as
those of energy storage, analytical and microanalytical
devices and biological sensors. At present relatively few
experiments have been conducted [13,14] but considerable
progress can be foreseen. The uniform surface areas of
samples that are available for study is often very limited and a
few mm? is more common than the few cm?® usual for
reflection experiments with current instrumentation and
sources. Higher flux instrumentation will allow experiments on
such, more realistic, samples. The changes that occur in
electrochemical devices will also be followed in real time, or
by application of cyclic data acquisition phased with external
potentials or currents.
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Figure 6: Diffraction from a dispersion of Ni(OH). particles in DO showing
the change in intensity of the 004 peak in one direction when
flow starts. Each time slice is two seconds [16].

An example of an experiment that is of interest to the
chemical industry is one in which the alignment of plate-like
particles under flow is studied [15]. This is shown in the
Figure 6. Particles with ~90 nm diameter and approximate
aspect ratio of 5:1 were prepared as model experimental
systems. Each particle is a single crystal. The alignment can
be followed by diffraction of neutrons from the particles in the
dispersion. This can be followed dynamically by use of a
cyclic data acquisition procedure. Experiments are limited by
the small signal in relation to the background. At present only
relatively large volumes can be studied. This type of data, in
conjunction with small-angle neutron scattering, has already
been used to identify phase changes under shear. This type
of experiment, including magnetic and electric orientation,
could become common if higher flux were available to study
small samples that could be subject to more uniform fields.

Polymer synthesis

Small-angle neutron scattering has become a pre-eminent
tool for the characterisation of polymers, colloidal particles
and a variety of mesophases. Work to follow the synthesis of
these materials in-situ will become more common [17]. This
has been difficult up to now because of the poor time
resolution available and the need to study samples which are
dilute in the component of interest, and which contain many
other different molecules. It is to be expected that
investigations aimed at deepening the understanding of
polymerisation mechanisms will develop. For example, these
could study the location of initiator in emulsion polymerisation
reactions or the conformation of the polymer molecules as
they form. SANS has been widely used to look at the
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morphology of the resulting latex particles [18] but only a little
work has been viable with present flux [19].

Chemical kinetics

ESS, with a high flux and instruments optimised for resolution
for particular experiments, will allow a much wider range of
kinetic experiments. Cyclic data acquisition permits a time
resolution of 1 ms. At present, experiments have been
performed on pulsed flow and ultrasonic excitation of a
crystal. For example, studies of reorientation dynamics in
concentrated colloids have already been made. Future
applications would include cyclic electrochemical processes.
This would give information about the distribution of ions in
both solid and liquid phases: this would be studied by neutron
reflection, SANS and neutron diffraction.

IV. Instrumentation requirements

Chemistry has wide-ranging requirements for neutron
instrumentation. These include elastic scattering, quasi-elastic
scattering and inelastic scattering.

In determining more complex structures, or looking at more
subtle microstructure, high resolution powder diffraction is
crucial to provide a sufficiently large number of well-defined
Bragg peaks. With ESS fluxes, a high-resolution machine will
be able to study small samples, such as isotopically enriched
materials or compounds synthesised in small quantities by
novel synthetic routes.

Parametric studies provide a wealth of information on
structure-property relationships. A powder diffractometer for
rapid time-resolved experiments should have good detector
stability, short acquisition time, large Q range, best achievable
resolution and a versatile sample environment. Data
accumulation times should be of the order of 10 ms.

To increase pressure beyond the present limit (about 50 GPa)
it is necessary to reduce sample sizes to about 0.01 mm?.
This type of study obviously needs a powder diffractometer
optimised for extreme environments with high flux and large
beam time to get valuable results. The possibility of
combining HP (> 50 GPa) and HT (> 2000 K) is a challenging
goal.

A high throughput small-molecule single crystal diffractometer
will offer high quality data from sub-mm?® samples of both
organic and inorganic materials in around 1 hour. With
sufficiently large crystals, parametric studies as a function of
temperature and/or pressure should be routine. The capability
for single crystal experiments on larger molecules will also
provide detailed insights into the behaviour of complex
supramolecular assemblies and large inorganic systems.

Small-angle scattering will be important, with a wide range of
momentum transfer in a single configuration to follow dynamic
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processes. An ability to choose the resolution appropriate to
the problem is desirable. A Q range of at least 0.001 to
0.5 A" should be accessible.

Neutron reflection, for studying interfaces, will need a high
flux and a wide dynamic range to cover reflectivities as small
as 10®. A range of Qma/Qmin of 30 in a single configuration is
required.

Vibrational spectroscopy for in-situ catalysis or biological
molecules in aqueous solutions requires measurements of
spectra at low momentum transfer values, Q<2A'1, up to
400 meV, at intermediate resolution. A high resolution
instrument, AE/E = 1%, is also required.

Transport processes, intramolecular vibrations, hydrogen
bond dynamics and rotational tunnelling are all influenced or
perturbed or coupled to lattice vibrations. A direct geometry
high performance time-of-flight instrument, for the energy
regime up to 100 meV, is necessary for controlling and
exploiting the phonon density of states.

In the quasi-elastic domain, spectrometers with well-defined
line shapes are needed. Only an instrument able to access
large Q values at intermediate resolution will allow us to
differentiate between different models of motion. Polarisation
analysis would be useful to separate coherent and incoherent
scattering, e.g. to eliminate Bragg peaks or to study collective
phenomena.

Backscattering spectrometers should be available with the
best possible energy resolution for very slow motions or
strong potentials, and with large momentum transfers.

A neutron spin echo spectrometer with a Fourier time limit of
1 ps is required for following slow diffusion.

Apart from the general requirements for improvement in flux,
and in resolution in energy and momentum transfer, that will
benefit most experiments, there are some interesting
possibilities for a new, pulsed neutron source. Instruments
could be built that have some of the available configurations
optimised for cyclic data acquisition with appropriate short
sample to detector distances and high spatial resolution on
the detector.
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Table with instrument priorities

50 Hz short pulse target station 16°/3 Hz long pulse target station
High resolution powder High intensity SANS
Thermal chopper Variable cold chopper
Cold chopper High intensity reflectometer
High energy chopper High resolution neutron spin echo
Chemical single crystal Focusing low Q SANS

High resolution reflectometer
Magnetic powder
High resolution backscattering
Single pulse diffractometer
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Achievements of neutrons in chemistry

In molecular compounds, neutron diffraction has provided the most definitive answers to
structural problems, especially (i) accurate positional parameters of all atoms; (ii) accurate
determination of thermal motion; (iii) structures in which hydrogen bonding plays a major
role (e.g. ferroelectrics, hydrides, and hydrates, including the role of water in biomolecular
systems).

Neutron powder diffraction, through the Rietveld technique, has produced the most
accurate, reliable, and complete refined structures from powder data. In combination with
X-ray powder diffraction, complex superconductors and host-guest interactions in zeolites
have been studied.

The simultaneous determination of the structure and dynamics of a chemical species
under synthesis has enabled unstable reaction trajectories to be characterised in great
detail.

Neutron spectroscopy has assisted crystallography in locating hydrogens away from the
points of high symmetry where they had been previously determined by X-ray
crystallography.

Neutron spectroscopy has been key to an understanding of the nature of hydrogen in
materials. For example, the state of the majority of adsorbed hydrogen on the
hydrodesulphurisation catalyst MoS, was determined to be molecular. On the other hand,
atomic hydrogen was observed by neutron spectroscopy on RuS,. This different
behaviour towards a hydrogen atmosphere revealed that RuS, has a pseudometallic
comportment whereas for MoS, redox or acid base properties are involved.

Neutron spectroscopy has contributed to our understanding of industrial processes.
Deactivation of an industrial Pd catalyst has been explained by the presence of a layer of
methyl groups on the surface, which prevents the interaction of larger organic molecules
with the metal.

The local diffusion of molecules through porous solids, such as zeolites, can be followed
by neutrons where other methods either fail or are inappropriate. Only with quasi-elastic
neutron scattering has it been possible to measure simultaneously self and transport
diffusivities.

High intensity neutron powder diffraction has enabled in-situ diffraction measurements to
be performed on real systems. Nickel-Metal hydrides batteries have been studied and the
results have helped to overcome cycle life problem by showing how the appearance of an
intermediate phase reduces the constraints during the cycling process. The rate-limiting
factor for high charge-discharge rates of secondary batteries was shown to be the kinetics
of the metal to hydride phase transition rather than the diffusion of hydrogen.

In combination with X-rays, neutron diffraction has probed charge distributions that are
essential for understanding some of the most profound details of a crystal structure, for
example the effects of charge transfer, magnetostriction, and the onset of
superconductivity.

Neutron diffraction has been used to study not just crystal structure but also disorder and

phase transition behaviour in molecular systems and, in particular, in the fullerenes and
their derivatives.
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Abstract
Neutron scattering techniques play a unique role in the study of both the structural and dynamical properties of
the wide range of substances categorised as “soft matter”. Among the advantages presented by these
techniques, two are of crucial relevance in the soft matter field: the suitability of the length and time scales
accessed by neutrons, and the capability to manipulate the contrast by specific deuteration of any constituent of
the system. Neutron scattering is the only tool for unravelling the molecular morphology and motions in soft matter
systems at the different relevant length scales. On the other hand, the understanding of structural properties and
dynamics at a molecular level is the key for advancing in this field: the envisaged trends move towards the study.
of increasingly complex, often multi-component materials tailor made for industrial applications. The combination
of neutron scattering techniques, advanced chemistry and molecular modelling will be essential. Experiments on
very dilute components, or on very small amount of matter (e.g. particular topological points, at the interfaces ...)
are demanded. Moreover, in-situ studies will investigate time dependent and transient phenomena, non-
equilibrium situations and so on. Such experiments will become possible by the orders of magnitude increase in
sensitivity offered by the next generation neutron sources. In particular, the availability of a 16%/3 Hz long pulse
target station would allow optimisation of most of the instruments devoted to soft-matter studies, such as small
angle neutron scattering instruments, reflectometers and high resolution neutron spin echo spectrometers.

l. Introduction
The concept of “soft matter” subsumes a large class of Soft matter includes a
molecular materials, including e.g. polymers, thermotropic large variety of materials
liquid crystals, micellar solutions, microemulsions and colloidal in daily use, and with a
suspensions, and also includes biological materials, e.g. wide range of properties
membranes and vesicles. These substances have a wide based on common

range of applications such as structural and packaging physico-chemical origins.
materials, foams and adhesives, detergents and cosmetics,
paints, food additives, lubricants and fuel additives, rubber in
tyres etc., and our daily life would be unimaginable without
them. In spite of the various forms of these materials, many of
their very different properties have common physicochemical
origins such as a large number of internal degrees of freedom,
weak interactions between the structural elements and a
delicate balance between entropic and enthalpic contributions
to the free energy. These properties lead to large thermal
fluctuations, a wide variety of forms, sensitivity of the
equilibrium  structures to external boundary conditions,
macroscopic softness and various metastable states.

The structural units of soft matter systems are large molecules
or aggregates of molecules showing different structural and
dynamical properties depending on the length scale of meters; gh racte
observation. This implies a need to cover large ranges in the times from i_qé’
experimental space/time windows for a complete macroscopic tim
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understanding of their characteristic features. Furthermore,
aggregation in these systems may lead to a large internal

interfacial

region, which can then make a dominant

contribution to the overall properties.
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Figure 1: The different static and dynamic scales relevant for soft matter

systems are schematically shown in the simplest case of a
polymer.

Il. The role of neutrons
Among the experimental techniques used for the investigation

of

the structure and dynamics of soft matter, neutron

scattering (NS) plays a unique role for several reasons:

i)

ii)

The suitability of the length and time scales accessed,
especially by Small Angle Neutron Scattering (SANS) and
Neutron Spin Echo (NSE), allows the exploration of large
scale properties (for instance, the conformation of a large
macromolecule, its diffusion in the embedding medium and
its entropy driven dynamics) as well as features
characteristic of the local scales (e.g. the inter- and intra-
chain correlations in a glass forming polymer and their
time evolution, the rotational motions of methyl groups,
vibrations ...).

By variation of the contrast between the structural units or
molecular groups, complex systems may be studied
selectively. In particular, the large contrast achieved by
isotopic substitution of Hydrogen (one of the main
components of soft matter) by Deuterium constitutes the
most powerful tool for deciphering complex structures and
dynamic processes in these materials.

Neutron reflectometry constitutes a unique technique for
the investigation of surfaces and interfaces in soft matter.

The high penetration of neutrons in matter allows the study
of the influence of external fields or parameters, e.g., the
evolution of the system under processing conditions.
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The space-time resolution of these techniques reveals the
molecular motions leading to the viscoelastic and
mechanical properties of soft matter systems. This
knowledge is valuable for the design of tailor made
materials.

The unique power of neutron scattering for revealing essential
features in the field of soft matter can be exemplified by two
pioneering experiments that can already be considered as
“classic”. The first one is the experimental proof of the random
coil shape of polymer chains in the melt or in the glassy state
as proposed in the 50's by Flory. This confirmation was only
possible in the 70's (R.G. Kirste, W.A. Kruse and J. Schelten,
Makromol. Chem. 162, 299 (1973)) with the development of
SANS. Since in the bulk a given macromolecule is surrounded
by similar units, only by using contrast variation and
deuterating single molecules could Flory's proposition be
demonstrated. This measurement of the single chain form
factor by SANS was one of the first applications of NS to
polymer science. The dynamic counterpart of this experiment
could only be solved 25 years later. Neutron spin echo (NSE)
investigations on the long time chain dynamics recently
allowed the confirmation of de Gennes predictions on the
mechanism of reptation in polymers (P. Schleger, B. Farago,
C. Lartigue, A. Kollmar, and D. Richter, Phys. Rev. Lett. 81,
124 (1998)).

lll. Future opportunities

Soft condensed matter systems in the future will increase in
complexity both in structure as well as in the number and
specific roles of their components, e.g. multi-component soft
and soft / hard materials tailor made for industrial applications.
Such complexity will cover a wide range of length and time
scales, posing challenging problems to basic science.
Desirable systems show complex interaction potentials with
several minima, generating different structures according to
the mechanical and thermal history. The understanding of the
interplay of geometry and topology, and the characterisation of
interfacial features, are of utmost importance for the future
developments and design of novel materials. Finally, the
structural changes induced by external fields such as shear
play a crucial role in the outcome of industrial processing.
These issues have to be dealt with as a necessary
precondition for achieving controlled improvement in the
fabrication of future materials.

Neutron scattering in combination with advanced chemistry is
the necessary tool for facing the new challenges in the field of
soft matter. Here the focus is on linking chemical architecture
to microscopic and macroscopic properties. The interplay
between computer simulation and neutron scattering also
promises to become particularly effective because of the
common ability of neutron scattering and computer simulation
to home in on a key structural unit.

Future trends will require a wide variety of experiments,
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including investigations on dilute components, or on very small
amounts of matter such as particular topological points or at
interfaces. Sometimes these experiments involve polarisation
analysis, short time measurements or in-situ studies. In all
these cases, very high intensities of the neutron beam are
required.

Assuming the availability of a high flux neutron source with the
characteristics of ESS some flagship areas in this field can
already be envisaged and are listed below.

Molecular rheology

The application and industrial processing of many soft
condensed matter systems strongly depends on their
rheological properties, which are determined by the
interactions and motions of the constituent structural units
such as chain molecules, aggregates, colloidal particles,
surfactants, etc. Their understanding is one of the great
challenges of basic soft condensed matter and would certainly
facilitate the molecular design of new materials. As an
example we consider the rheology of polymer melts which is
currently described in terms of the reptation model. A very
long polymer chain in a melt suffers local restriction of its
motion by topological entanglements with other chains along
its length. The polymer chain can be envisaged being confined
in a “tube” formed by the neighbouring chains. The snakelike
motion along the tube (reptation) is the main mechanism
controlling the dynamics of a highly entangled linear chain.

Figure 2: Schematic representation of the reptation mechanism of a
branched polymer. The topological constraints imposed by the
surrounding chains are modelled by the imaginary forked red
tube. The relaxation of the internal modes and the diffusion of the
polymer have to take place inside and along the tube prior to free
diffusion. The vyellow portion in the selected macromolecule
represents the labelled branching point which dynamics would
reveal the detailed molecular mechanism for reptation in this
system.
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The time is now ripe for the investigation of more complex
topologies such as branched polymers (stars, H-polymers,
combs, trees). Only a small number of branches in a polymer
molecule may substantially alter the industrial processing
although they have little effect on the solid-state properties of
the final material. Neutrons are uniquely suited to achieve this
goal. Hydrogen atoms would be replaced with deuterium in
specific topological points of the molecule and the dynamics of
these points followed by NSE techniques. The high dilution of
the labelled topological points makes such experiments
impossible with currently available neutron fluxes.

Buried interfaces

Neutron reflectivity gives unique structural and compositional
information about buried interfaces. At present, only a
restricted range of materials are sufficiently transparent to
permit the experiment. By allowing a reduction of illuminated
area of about two orders of magnitude, next generation
neutron sources will relax the conditions for transparency to
an extent that will give neutron reflection access to almost any
interface. Two areas of particular importance are the liquid /
liquid interface, where adsorbed polymers or amphiphiles play
a crucial role in determining the stability of emulsions, and
biolubrication, where the delicate control of environmental
facto