Chapter 2

Neutron Science and Instruments
Chapter abstract
Summary: This chapter describes the uses of neutron scattering techniques, their place in the wider
science landscape, and the ways in which they complement other experimental techniques. It discusses
ESS’s strengths in studying and understanding complex materials and presents a reference suite of 22
instruments selected to illustrate capabilities and scientific impact. The chapter also describes the multifaceted research infrastructure that will surround the facility and enhance its productivity. While the
publication of this report marks the end of the design phase for the accelerator and target station, the
design phase for the neutron instrument suite will continue past 2020, when the final two instrument
concepts are slated for selection. The instruments that will be built are therefore likely to be quite
different from the reference suite described here. The phased instrument selection and design process will
make it possible to respond flexibly and creatively to changing research needs and to take advantage of
evolving technology.
Neutron science makes it possible to explore the complexity of condensed matter, furthering both technological progress, and humanity’s understanding of nature. While no single probe can cover the whole span
of time and length scales required for scientific enquiry, neutrons are a crucially important research tool.
Neutron scattering techniques can, among other things, probe the molecular basis of superconductivity,
guide the development of new materials or “look inside” an operating car engine.
ESS will push the frontiers of neutron science due to its capabilities in two key areas: Its unique
characteristics as a neutron source, and an integrated scientific and computing infrastructure. It will
be able to study a broad range of structures and time scales, offering neutron beams of unparallelled
brightness, delivering more neutrons than the world’s most powerful reactor-based neutron source with
higher peak intensities than other spallation sources. Its user infrastructure will include sample preparation,
characterisation, and specialised synthesis laboratories; detector and sample environment systems; and
information technology and computational support designed for a broad range of disciplines.
State-of-the-art neutron scattering instruments depend on sophisticated hardware components, such
as choppers, detectors, neutron guides, advanced neutron optics and sophisticated shielding. Progress in
defining and developing these technologies is described here, and is illustrated by a science-driven, 22instrument reference suite that matches the capabilities of individual instruments to specific areas of
societal, scientific and technological interest.
Software and data management infrastructure will harness the scientific potential of the instruments
and their sophisticated technology, integrating the control of each neutron instrument and its sample
environment with the processing, real-time visualisation, analysis and preparation for publication of the
data. This infrastructure also will provide for permanent storage and public access to the data, and will
make neutron techniques more accessible to researchers from fields that do not have long histories using
these tools, but for which neutrons hold significant promise of yielding new insights.
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2.1

Neutrons in the scientific landscape

The scientific case for building a next-generation spallation source in Europe was presented in 2002 [1, 2].
This resulted in the inclusion of ESS in the European roadmap for research infrastructures [3] in 2006.
Several years of planning and technical development later, we are now on the verge of realising this vision
for neutron science in Europe. At the time of writing, ESS is actively engaging with the neutron user
community to gather valuable input from different user groups via the ongoing series of ESS Science
Symposia [4], from published perspectives [5, 6] and from participation in workshops and conferences. By
pursuing these interactions, ESS is continuously developing and updating a scientific strategy in parallel to
the development of instrumentation. In this chapter we build on both the established science case and the
input provided by the community to present specific science drivers for ESS and relate these to a reference
suite of instruments. It is important to stress that the design phase for the neutron instrument suite will
continue past 2020, when the final two instrument concepts are slated for selection. The instruments that
will be built are therefore likely to be quite different from the reference suite described here. The phased
instrument selection and design process will make it possible to respond flexibly and creatively to changing
research needs and to take advantage of evolving technology.

2.1.1

The complexity of nature

Every day, humanity reaps the fruits of the remarkable scientific and technological advances of the previous
century. In the microscopic world, we enjoy insight into the basic nature of atoms and molecules, and of the
forces that govern their interaction with one another. In the macroscopic world, we have achieved extensive
knowledge about the properties of the materials surrounding us – man-made and naturally occurring – and
we are adept at wielding them to serve our needs. We have also begun to explore assemblies at mesoscopic
scales, larger than atoms, but small enough to exhibit quantum effects. These systems raise questions
about our fundamental understanding of nature while opening the door to technological progress that will
help us tackle society’s grand challenges. This is the realm of neutron science, as neutron methods reveal
the structure and dynamics of atoms and molecules, relating molecular-scale properties to the macroscopic
characteristics of matter. With unparallelled neutron brightness and a unique time structure, ESS will
facilitate new levels of understanding of the complexity of matter, challenging our minds and contributing
to our progress.
The complex assemblies ripe for exploration take on many different forms. In the geosciences, topical challenges span deep-Earth mineral crystal structures and phase transitions, mineral alterations and
metamorphism, and material responses to changes in pressure and temperature. Biological systems such
as enzymes, cells, or whole organs rely on the intricate interplay of large molecules, such as proteins, with
smaller molecules, such as hormones and metabolites. Functional materials such as catalysts and polymers
are similarly complex, with molecular diversity leading to a range of competing interactions and intricate
structures, with a wide range of tangible qualities and functionalities. Quantum interactions in advanced
electronic and magnetic materials lead to new states of matter such as spin-ices, magnetic monopoles and
Skyrmions [7]. These new states were first revealed by neutrons, and have far-reaching consequences for
our understanding of nature itself. They also hold promise of new technologies. In addition to being a
probe of matter, the neutron may hold the key to fundamental puzzles of our universe such as the question
of why there is more matter than antimatter. The answer hinges precariously on the confirmation of a
non-zero electric dipole moment of the neutron itself [8, 9].
The undertaking of modern research entails more than deciphering the workings of complex systems
at several different length and time scales. The greater task is to bring these effects together into coherent
theoretical frameworks that provide holistic insight and promote development. How do structural changes
of minerals at very high pressure and temperature relate to large-scale phenomena such as deep-focus
earthquakes and volcanic activity? How can we store data using the magnetic state of individual ions
rather than today’s macroscopic blocks, thereby going beyond the predicted limitations of data storage
capacity? How does repeated oxidative damage by free radicals to tissue lead to cancer, and how can it be
inhibited? ESS will be instrumental in identifying the answers to questions like these, providing insights
relevant for technological progress and the future prosperity of society.
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The grand challenges of society

As a result of a growing global population of increasing average age and high demands on living standards,
humanity is facing daunting challenges related to supply and sustainability. The tools of science are being
deployed to find smart solutions, aiming to maintain living standards within the finite resources with which
we are endowed, and to pass a healthy planet on to future generations. ESS will play a role in addressing
and solving the grand challenges of society, as many of the emerging smart solutions are based on insights
at the molecular or atomic level of matter, an area in which neutron science offers unique investigative
powers. The following examples are described further in Section 2.2.
Energy. In the face of diminishing fossil fuel reserves, we are in urgent need of more renewable energy
sources, more effective engines, materials for lower heat loss and less energy spill and greener processes
for industry. Neutrons are an important analytical tool that aids the understanding and development of
promising novel materials for solar cells [10–12], batteries [13], fuel cells [14, 15], thermoelectric materials
for waste-heat recovery and refrigeration [16], and reversible hydrogen storage materials for safe usage of
hydrogen as an energy carrier [17, 18]. ESS will deliver the information required to engineer novel, smart
materials.
Climate. The developments towards carbon-neutral energy options also address the climate challenge
brought on by large-scale consumption of carbon-based fuels. Furthermore, ESS will provide important
advances in the development of carbon sequestration solutions [19–21].
Health. Our ageing population brings with it a changing disease landscape, calling for better treatments of illnesses such as cancer, diabetes, and Alzheimer’s disease. Furthermore, multi-resistant bacterial
strains are a growing threat to our collective health and safety. Neutrons further our understanding of
the mechanisms of disease [22, 23], help us develop drug delivery systems [24–26] and contribute to the
formulation of drugs into effective pharmaceuticals. Neutron techniques are also used to develop potential
new materials for implants and health-care devices.
Agriculture. The neutron methods that serve the health sciences also address the agricultural challenges: the large environmental footprint, the demand on crop production for biofuels as well as food and
feed, and global food security. By elucidating the molecular intricacies of plant metabolism and of pest,
disease and drought resistance, these issues can be addressed. Neutron methodologies can decipher vital
molecular mechanisms through structural and dynamic analysis of complex assemblies [27,28], and neutron
imaging shows promise for whole-plant water-uptake analysis [29].
Digital society. Societal infrastructure relies on accomplished and increasingly distributed IT systems,
and the IT landscape is evolving more rapidly than any other area. This brings with it challenges of energy
supply for the server parks and information security, and entails a significant vulnerability. Neutron
scattering has a strong track record in clarifying the inner workings of data storage materials, and is a
key tool for developing better ones [30, 31]. The neutron-aided development of new energy materials also
plays a large role in this context. A side benefit of building large-scale research infrastructures is the
concomitant advancement of innovative IT solutions born from such endeavours, a prominent example
being the development of the world wide web at CERN.
These grand challenges present us with a complexity as profound as the whole of science, and many
parallel avenues of enquiry must be pursued in order to meet them. The science community is taking
on these challenges, hand in hand with industrial research and development – recognising that dedicated
development is needed to bring today’s knowledge to applications, and that free fundamental science is a
prerequisite for the unveiling of tomorrow’s insights and solutions. Both the commercial and the academic
perspectives are needed, and for both, success requires the development and maintenance of state-of-the-art
research infrastructure. ESS will provide powerful tools for solving the urgent issues of society, facilitating
both academic and industrial research and development [32].

2.1.3

Neutrons in the landscape of experimental techniques

In order to address these issues, researchers need access to a range of different experimental methods. No
single probe can cover the whole span of time and length scales that the various fields of science encompass.
Moreover, no single experimental probe can inspect all properties or characteristics of materials. Figure 2.1
gives an overview of how different methods cover different parts of the experimental space, displayed as
a graph of time scales versus length scales. It is clear that the various neutron-based methods cover a
wide and important part of parameter space, both in spectroscopy, where neutrons probe structure and
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Figure 2.1: Using neutrons and complementary techniques to explore different length and time scales. The
horizontal axes indicate real and reciprocal length scales, while the vertical axes refer to time and energy
scales. Scientific areas falling within different length and time scales are indicated along the edges.The
experimentally accessible areas of the various neutron-based techniques available at ESS are shown as
polygons in strong colours. Those techniques that are sensitive to both time and length scales are represented above the main horizontal axis; those that measure only length-scales below. In addition to the
neutron-based techniques covered by ESS, the analogous areas for a selection of complementary experimental techniques are shown in grey. Areas labelled “Hot Neutrons” refer to neutron-based techniques
which will not be available at ESS.

dynamics in parallel, and in the purely structural methods found below the horizontal axis.
Techniques are often complementary rather than competitive when their temporal and spatial scales
overlap, because spatial and temporal needs are not the sole determinants of usefulness. Different probes
access different kinds of information, so the methods of Figure 2.1 are often used in combination, unleashing
powerful synergies. The particular strengths of neutrons include sensitivity to light elements such as
hydrogen, the ability to distinguish between different elements, the non-destructiveness of the beam in
terms of sample integrity, the power to probe magnetic structure, and the capability to penetrate many
materials, making possible the investigation of samples in a wide range of relevant sample environment
set-ups that would stop other forms of radiation. These strengths are discussed further in Section 2.2.
A combination of different approaches and techniques is necessary to answer many scientific questions.
Moreover, the continuously evolving landscape of available tools drives the continuing need to try and
test new combinations of experimental techniques. Multi-probe experiments that combine different probe
techniques on the same site are becoming increasingly possible – for example, using both Raman and
neutron scattering. There are many examples of combined studies.
Studies of polymer relaxation processes that exploit neutron spin-echo methods, light scattering,
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nuclear magnetic resonance (NMR) and X-ray or visible light photon correlation spectroscopy to span
more than 10 decades of time scales.
Magnetic structure determinations are uniquely and easily performed using powder or single
crystal neutron diffraction, while subtle details can be obtained from X-ray magnetic diffraction.
Experiments at extremely low temperatures are impossible with X-rays due to the deposition
of heat by the incident beam, while the heating created by neutrons is negligible. Special environmental
conditions must be compatible with the characteristics of the probe. In this case the penetrating capabilities
of neutrons play an important role.
Energy scales that drive magnetic properties of solids are determined by using neutrons to probe
local and exchange parts, complemented by the use of X-rays to identify the electronic component.
Atomic motion and dynamics in condensed matter are probed both by X-rays and by neutron
inelastic scattering. While X-rays are especially useful in the case of disordered systems, neutrons offer
the proper energy resolution for looking at incipient modes that lead to phase transformations.
Macromolecular structure determination (for example for proteins) relies on X-rays to provide
the detailed overall structure, while neutrons provide accurate data on the location of the functionally
pivotal protons and water molecules in the structure.
The value of a scattering probe also depends on the performance of available sources of radiation. In that
respect, X-rays have experienced dramatic progress through the ongoing development of synchrotron light
sources and X-ray free electron lasers. Electron microscopy and NMR methods also have benefited from
significant ongoing advances. Similarly, ESS will offer gain factors of more than one order of magnitude
over previous neutron sources. ESS is an essential element in the diverse toolkit that scientists will use in
their quest for comprehensive understanding of complex systems. In order to harness the full potential of
complementarity, a number of other laboratory-scale techniques will be available in conjunction with the
neutron instruments. Located adjacent to the next-generation synchrotron light source MAX IV, ESS will
play its role in allowing the newest achievements of both synchrotron X-rays and neutron methods to be
synergistically combined.

2.1.4

ESS in the landscape of neutron sources

Neutrons are wonderful, but there are too few of them! Although neutrons represent half the mass of the
visible matter in the universe, it is not straightforward to extract them from nuclei and to produce bright
neutron beams. Neutron sources on Earth are low-brilliance particle sources compared to their electron or
photon counterparts. The reactor technology that developed rapidly in the late 1940s reached a plateau in
neutron performance in the 1970s with the construction of ILL in France, and HFIR in the United States
of America. The spallation process, which was discovered in the 1970s, opened the opportunity to produce
brighter neutron beams than reactor-based installations. Currently operating high-flux spallation sources
include ISIS in the United Kingdom, SNS in the United States of America, and the MLF at J-PARC in
Japan. Thanks to its modern technology, ESS will surpass current neutron sources.
The long pulse and low repetition rate time structure of the proton pulses will make ESS the ideal
source for long-wavelength neutrons, with energies in the range of about 0.1 meV to 50 meV. Existing
pulsed neutron sources deliver short pulses, because the emphasis at the time of their construction was on
higher energy neutrons, typically in the range of 100 meV to 1,000 meV. Science priorities have evolved
and broadened. Current trends in condensed matter sciences (soft matter and life science, magnetism
and engineering materials) stress the importance of slow dynamics and large-scale fluctuations of multicomponent systems. ESS addresses these scientific trends by focusing on cold and thermal neutrons, in
part by adopting a long-pulse time structure. Cold and thermal neutrons at ESS will be complementary to
the hot neutron beams delivered by reactor-based sources and by short-pulse accelerator-based spallation
sources.

2.1.5

The unique capabilities of ESS

Figure 2.2 illustrates how the unique capabilities of ESS will help to push forward the frontiers of neutron
science. The quadrants in the top of the figure explore the implications of high brightness and long pulses,
while the bottom quadrants explore advanced computations and software, and real world capabilities. Its
unique capabilities make ESS a key tool for peering deeper, wider and more clearly into the structure of
materials and their dynamics. ESS will be a source for discovery when these capabilities are combined
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Figure 2.2: The unique capabilities of ESS.

with the ability to carry out experiments under realistic conditions, to visualise data using sophisticated
software, and to make theoretical simulations of the experiment live in real time.
High neutron brightness. ESS will be at least 5 times more powerful than the world’s leading
neutron sources, offering unparallelled cold neutron beam brightness. High fluxes will make possible
many investigations that are impossible today by allowing faster measurements, measurements of smaller
samples, increased use of polarised neutrons, and the detection of weaker signals.
Unique long-pulse structure. The bright neutron beams will be delivered in a unique time structure,
with long neutron pulses (2.86 ms) at low frequency (14 Hz). This structure will make possible the use of
long-wavelength neutrons, which will be exploited by novel neutron technologies to allow instruments to
achieve a wider dynamic range, bispectral beams, and tunable resolution as needed. All of this contributes
to significantly expanded scientific capabilities.
Real-world samples, real-world conditions. While experiments under controlled conditions are the
cornerstone of experimental methodology, the ultimate goal is to understand the behaviour of real-world
samples in real-world conditions. This may entail monitoring specific parameters in biological samples
under physiological conditions; searching for new quantum states under high magnetic fields and low
temperatures; or coming to terms with the behaviour of commercial catalysts under the high temperatures
and unusual gas atmospheres that reflect the reality of industrial processes. These investigations often
require extreme or demanding conditions, achieved through unwieldy sample environment set-ups that
limit the volume available for the sample itself. The smaller the sample volume required, the larger the
range of thermodynamic conditions that can be explored. In other areas of science, such as macromolecular
crystallography, the availability or concentration of the sample material is limited. In either case, ESS will
provide the opportunity to go beyond what is currently possible due to its higher source brightness. This
will be fully exploited by providing a range of state-of-the-art sample environments, including extreme
condition and in operandi processing for engineering studies. Furthermore, scientific support laboratories
including deuteration and crystallisation platforms will enhance the scientific output of the facility.
Advanced computations and software. Realistic computer simulations that model physical system
interactions over length scales from the microscopic to the macroscopic must be combined with physical
observations, in order to extend the dynamic range of analytical techniques and to gain insights into
the complexity of real-world systems. The computational and software solutions being developed at the
Data Management and Software Centre (DMSC) in Copenhagen aim to provide the user with a coherent
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experience, providing user-centred software for instrument control, efficient data reduction, real-time data
visualisation, intuitive data analysis and computational support for modelling and simulations. This
comprehensive set of computational solutions will add value to the neutron data collected, and will establish
a new standard for neutron facilities. It will also make neutron techniques more accessible to researchers
from fields that do not have long histories using these tools, but for which neutrons hold significant promise
of yielding new insights.

2.2

Science drivers for the instrument suite

Neutron scattering encompasses a diverse range of analytical techniques that exploit the unique properties of the neutron summarised in the box below. These neutron-based techniques make it possible
to extract subtle information about the characteristics and behaviour of different materials and systems.
This is achieved by monitoring structure and dynamics over wide time- and length-scales as illustrated in
Figure 2.1.
The unique properties of neutrons
Probing structure and motion: Neutron scattering enables us to study the structure and
dynamics of atoms and molecules over an enormous range of distances and times.
A gentle probe: Neutrons pass easily through most materials, enabling the study of
large or bulk samples and buried interfaces. This also allows for samples to be studied
under extreme conditions, such as very high temperature or pressure, as makes possible the
investigation of low-temperature states without any deteriorating beam heating. Neutrons are
non-destructive, so delicate materials or precious objects can be studied without fear of damage.
A precise tool: Neutrons provide an extremely precise tool. Their interactions with
matter are not too strong, which makes quantitative analysis and interpretation of the data
straightforward.
High sensitivity: Since neutrons are scattered by atomic nuclei, they report which element
and which isotope is present. Neutrons are particularly sensitive to protons and can distinguish
between protons and deuterium. This facilitates highlighting particular groups of atoms in
mixtures, complex biological and other hydrogen-containing materials.
A unique probe for magnetism: The neutron has an internal magnetic moment but no
charge, so it can be used to study the microscopic magnetic structure and spin dynamics of
matter.
A probe of fundamental properties: Studies of the properties of the neutron itself elucidate
events ranging from the creation of fundamental particles and forces shortly after the Big Bang,
to the explosions of massive stars, such as supernovae, in which most of the heavier elements
were created.

Having no charge, neutrons penetrate the electron density in a sample, and scatter off the atomic nuclei
of the molecules under scrutiny. This has a number of advantageous consequences. Their relatively weak
interaction with matter makes it possible for neutrons to probe deeply into condensed matter, without
damaging the sample during the investigation. The direct interaction with nuclei also gives neutron
methods the power to discern between elements that are adjacent in the periodic table, and between
different isotopes of the same element. Since neutron scattering intensity does not scale with the size of
the electron cloud, it is not partial to heavier elements – rather, light elements such as hydrogen show up
clearly. Furthermore, the inherent magnetic moment of the neutron makes it possible to monitor magnetic
structure, a key property in many electronic and data storage materials. These characteristics inspired
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the Nobel laureate Bertram Brockhouse to say in the 1950s, “if the neutron hadn’t been discovered . . . it
would have been invented” – and neutrons are still indispensable to science today.
This section describes how ESS will address important science topics. Each of the following subsections
presents a scientific area, including challenges specific to each field, and outlines the prospects for its future.
Relevant examples of past and current neutron applications are described, as are potential contributions
linked to specific instruments in the reference suite.
The common theme uniting the use of neutron-based techniques across areas of scientific enquiry is the
drive towards understanding increasingly complex phenomena. Complexity manifests itself in investigations of multiple interrelated physical properties within materials, and in studies of realistic heterogeneous
samples within extreme and/or natural environments, and requires experimental instruments capable of
probing a range of length and energy scales. Increased complexity calls for sharpening and diversifying
experimental tools, and also for more advanced data analysis and modelling.
The high brightness and long pulse structure will allow the study of real-world samples, similar to those
used for complementary investigations with non-neutron techniques. This will have a bearing on many
different scientific disciplines. It opens up the possibility of addressing currently intractable problems, as
interesting samples often are available only in limited quantities and may be unstable over time. Smaller
samples also tend to be more homogeneous, increasing the precision of the results obtained and making
possible more advanced investigations. Reduced gauge volumes will allow better-controlled studies under
extreme or biological conditions. Scanning techniques with optimised gauge volumes are especially useful
for heterogeneous samples. Instruments will be flexible and will permit trade-offs between brightness and
better resolution, optimisation of signal-to-noise ratio, and the use of polarised neutrons when necessary.

2.2.1

Soft condensed matter research

Soft condensed matter is a rapidly expanding and highly interdisciplinary area of research concerned with systems that respond to weak external stress or thermal fluctuations. Polymers,
surfactants, foams, gels, and many biological materials fall into this category. The fundamental science determining their behaviour is at the core of industrial applications such as organic
photovoltaics, polymer batteries, sensors, personal care products, pharmaceutical drug delivery
systems and food products. Designing, manipulating and processing these materials requires
in-depth understanding of their components and interactions. Neutrons are well-suited for this
task and ESS will enhance soft condensed matter research significantly: Time-resolved investigations of self-assembly will be performed in combination with high-throughput manipulation
of samples using in situ equipment; Collective dynamics in polymeric materials in pursuit of
future battery technologies will be probed; Time-dependent surface dynamics and reactions at
interfaces will be investigated to create novel sensors and nanoscale switches.
Soft materials such as polymers and emulsions are already used widely in products as diverse as packaging, medicines and Kevlar body armour. In the future, the goal is to construct soft, nano-sized building
blocks of various shapes and to assemble them into structures that provide technologically useful properties. Ideally, this goal should be met through directed self-assembly processes that are environmentally
benign and sustainable, mimicking in many respects processes seen in the natural world. Devices that
can be expected to benefit from such “designer materials” include photonic materials for optical signal
transmission, rapid and inexpensive genome sequencing kits and organic photovoltaic devices. Designing,
manipulating and processing these complex materials at the same microscopic level as that reached for
inorganic materials during the twentieth century is thus one of the major challenges for the future. It will
require a comprehensive understanding of the structures and dynamics of the constituent components over
length and time scales for which neutron scattering techniques are well-suited.
Neutron scattering has played a pivotal role in this area, making important contributions to the fundamental understanding of soft matter during the latter part of the twentieth century. These important
developments in soft matter are largely based on the fact that neutrons scatter differently from hydrogen
than they do from deuterium, a feature realised by the Nobel laureate de Gennes, who published influential papers on polymer dynamics in which he developed theoretical descriptions of quasi-elastic scattering
from single polymer chains in solution. This isotopic contrast between hydrogen and deuterium, which is
unique to neutrons, allows various parts of soft matter systems to be labelled so that their structure and
dynamics can be distinguished. It is this contrast variation technology, plus the fact that cold neutrons
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provide simultaneous access to the relevant length and time scales, that make neutrons so useful as probes
of soft matter.
As indicated by the name, soft condensed matter can easily be deformed through applications of
weak external stresses or thermal fluctuations. A non-invasive characterisation is therefore imperative,
and handling these materials often imposes demanding requirements for sample environment and onsite preparation. Moreover, many interesting features of soft matter are linked to non-equilibrium states
and closely related to the application of external fields and variable conditions. These require suitable
tools for a time-resolved and in situ characterisation, parallel investigations with complementary methods,
and experiments that involve complex sample environments that make it possible to duplicate industrial
processing conditions at the neutron instrument.
It is important to understand the equilibrium and non-equilibrium properties of soft condensed matter
not only in well defined model systems, but also in everyday life and industrial and technological applications. To make significant advances on this front, it is necessary to probe considerably smaller (gauge)
volumes within larger and often complex samples, over a wide range of length scales and with high temporal resolution. This will be an area of strength for ESS. The key techniques for addressing soft matter will
be small angle neutron scattering (SANS), reflectometry, neutron spin-echo spectroscopy and quasi-elastic
neutron spectroscopy.
Self-assembled colloids
The development of new colloids and hybrid nanostructures offers the possibility of exciting new applications and permits researchers to explore unusual phenomena that result from the unique microscopic
structure of these novel materials. Predicting the behaviour of these materials [33] requires the development of theoretical models and detailed structural investigations over a wide range of conditions. Likewise,
the fundamental interactions of surfactants form the basis of their behaviour in commercial formulations.
Deuterium labelling gives superior contrast, allowing investigation of the roles of different components.
Time-resolved studies are crucial to detect how surfactant molecules self-assemble into micelles and how
such structures transform into different shapes [34,35]. These studies rely on a high neutron flux to detect
transformations on the millisecond to second timescale, and on high-throughput manipulation of the samples using in situ equipment integrated into the neutron instrument. Such studies will benefit from the
high flux in the general purpose polarised SANS instrument and the broadband small sample
SANS instrument, and from the ability of the latter instrument to probe small gauge volumes and cover
a broad simultaneous range of scattering vectors to address different length scales.
In order to understand how self-assembling colloidal suspensions behave under manufacturing conditions, many state-of-the-art applications rely on investigations of non-equilibrium structures and material
responses to external stimuli. For example, personal care formulations and food are exposed to shear
stresses in confined geometries during processing, making it of significant interest to study colloidal structures under flow. Figure 2.3 shows a map of SANS patterns collected across a flow cell mimicking processing
conditions. The map reveals two coexisting micellar structures at different locations in the flow profile,
which is indicative of partial de-mixing of the surfactant components. Such studies require small, high intensity beams of neutrons to make possible spatially resolved measurements [36], which currently severely
limits the ability to use this approach. ESS will expand possibilities to map flow fields in a wide range of
commercially interesting systems [37, 38].
Polymers
Polymers are in widespread commercial use and represent an active area of scientific research in which
neutron scattering already has a high impact. Polymer-polymer interactions and phase behaviour have
important applications. For example, polymer hydrogels are attractive candidates for soft tissue replacement, since they can contain a very high fraction of water, which allows them to support living cells.
However, such hydrogels are typically very fragile, and significant effort is being directed at improving
their mechanical strength by using interpenetrated polymer networks [40]. These networks have hierarchical structures on several length scales from 5 Å up to several microns, so their investigation calls for
SANS measurements across a wide simultaneous Q-range, a capability offered by the broadband small
sample SANS instrument in the reference suite.
In polymers, atomic motions define the overall structural configuration and determine macroscopic
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Figure 2.3: SANS imaging of a mixed surfactant suspension under an elongational flow profile. Images
Figure 2: 2.6
taken at different positions across the flow profile (measured at 2 mm intervals) indicate partial de-mixing
of the components [39].

properties. Therefore, many technological applications involve tailoring the dynamic properties of polymer
materials. For example, ion transport in lithium batteries depends on polymer chain dynamics [41].
Information on the collective dynamics, correlated over distances of several atomic spacings, is of particular
importance for determining material functions. However, in soft disordered materials it is difficult to
investigate dynamics at all relevant length scales as this implies assessing signals that are two to three
orders of magnitude smaller than those in crystalline materials. The high flux in the instruments will open
up possibilities to study new materials and new phenomena across various length scales.
Low frequencies are difficult to access with optical techniques, so neutrons remain the only experimental
probe able to deliver information in the correct space and time ranges to explore and understand these
intermediate scale dynamics. Such an approach has been used to monitor the surface association state of
polyethylene oxide intercalated between graphite oxide layers during graphene templating [42], as shown
in Figure 2.4, and to follow the dynamics of water in polyamide engineering plastics [43]. The gain in
sensitivity for inelastic scattering spectroscopy provided by the spectrometer suite will make more such
experiments possible. Moreover, a strong link between neutron scattering, and rapidly advancing molecular
dynamics model calculations will allow researchers to investigate increasingly complex phenomena.
The reference suite includes a number of instruments well adapted to investigate polymer dynamics, namely, the vibrational spectrometer, backscattering spectrometer, cold and bispectral
chopper spectrometers, wide-angle neutron spin-echo spectrometer and the high-resolution
spin-echo spectrometer, covering the time window from local dynamics up to slower correlated motions
– from picoseconds to nanoseconds. High flux instruments with tunable resolution will allow access to a
broader dynamic range and higher energy resolution than is possible with existing instruments. This will
open up new possibilities to study and observe areas such as changes in rotational dynamics, and slower
motions and more dilute systems such as thin films and nanostructured materials.
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Figure 2.4: Vibrational spectra from polyethylene oxide polymer chain conformation under confinement
during graphene templating from graphite oxide [42].

Thin film devices
Polymer thin films are widely used in advanced device technologies, and understanding their structure is
a prerequisite to optimising performance. Neutron reflectometry and grazing incidence SANS (GISANS)
are well-suited to probing these materials, in which the active layers are often buried deep within the
device structure. Neutrons penetrate more easily and non-invasively than do X-ray or electron beams. In
state-of-the art organic photovoltaic solar cells, high performance requires the acceptor to be uniformly
distributed within the donor polymer matrix [10], whereas in organic light emitting diodes (OLEDs), the
adjacent polymer layers need to be stable under operating conditions without significant interdiffusion [44].
In chemical sensors for organic explosives such as TNT, the film structure needs to be optimised for fast
and reversible response with maximum sensitivity for the analyte [45]. Studying these issues non-invasively
in situ is possible using neutron reflection, which allows the structural changes to be correlated directly
to the signal output (such as photoluminescence). However, many advanced structures, especially those
including inorganic nanostructures, are typically available only in small volumes, and therefore reducing
the beam size will allow more widespread investigation using neutrons. In the reference suite, the vertical
sample reflectometer would permit studies of very small samples with dimensions of a millimetre or
less.

Reactive surfaces and interfaces
Time-dependent surface processes and reactions on the millisecond to second timescale are important in
a range of soft materials. Neutron reflectivity provides unique information about changing surface structures, because deuterium labelling allows the in situ detection of different components in the reacting or
forming films. This is particularly important for understanding the realistic conditions in which commercial detergent formulations are used, where dynamic adsorption of surfactant and polymer mixtures occurs
at flowing water surfaces on sub-second to second timescales [46]. Fast occurring phase transitions, such
as the swelling of polymer hydrogel films, can be tuned for use as nano-scale switches in miniaturised
sensors [47]. Liquid-liquid interfaces (for example oil-water [48]), are of significant interest for emulsion
technologies, but experiments are limited by the strong attenuation of neutrons by liquids. The ESS flux
will enable a significant reduction in the experimental path length, allowing time-resolved experiments.
Fast, low-resolution studies of this type would be one of the main strengths of the horizontal sample
reflectometer, which covers a broad Q-range simultaneously at this time scale.
For the development of environmentally friendly formulations, mixtures of biosurfactants have been
characterised to identify the functionality of the most active compounds in complex mixtures [49]. The
high flux and ability to work with small samples will facilitate high-throughput and rapid scanning of a
large number of samples to solve the functionality of complex mixtures more efficiently than is possible at
the moment.
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Nanostructured and patterned surfaces
One of the biggest current challenges in soft condensed matter is to understand and manipulate thin 2D or
3D nanostructures formed at interfaces, for example by block copolymers on nano-patterned surfaces [50]
or surface-induced colloidal crystals [51]. To do so, it is necessary to use SANS, grazing incidence SANS
(GISANS) and off-specular reflectometry to obtain a view of the thin film structures in all 3 dimensions.
ESS will be well placed to further advance these emerging applications through use of the surface scattering instrument. Spin-echo encoding of polarised neutrons will additionally give access to the longer
length scales, up to microns, that are found in many hierarchical materials such as food and composite
materials.
Composite materials
Nanoparticles are often included in composite polymers or fibrous materials to provide enhanced strength [52]
or flexibility (e.g. in plastics), where the state of dispersion and aggregation of the nano-fillers has significant impact on the final properties obtained [53]. A practical example is flexible Kevlar body armour
fabric [54], which is reinforced by a colloidal suspension of silica nanoparticles that stiffens reversibly under
impact due to the phenomenon of shear-thickening [55], without impairing mobility. In such materials,
neutron scattering can detect the multiple components, allowing the relationship of their properties to
the performance to be elucidated. Quasielastic neutron spectroscopy has also been used to detect how
polymer segmental dynamics in grafted silica-polymer composites are coupled to the aggregation of the
nanoparticles, which gives rise to the solidification of the material [56]. Composite materials often exhibit
structure on the nanometre to micron length scale. The high flux and wide Q range of the broadband
small sample SANS would be ideal for studies of nano-composite materials both in their final state and
under processing conditions, whereas the multipurpose imaging instrument could be used to detect
structural or texture variation over larger areas, which can influence material performance in applications.
Drug delivery systems and theranostics
Soft matter forms the foundation of many novel theranostic (both therapeutic and diagnostic) materials.
These materials exploit the self-assembly and phase behaviour of biocompatible amphiphiles, such as
polymers, lipids, and polysaccarides, in advanced drug delivery systems for improved drug circulation, and
controlled or targeted release. Both structure and dynamics influence the material’s response to external
stimuli (such as a change in pH), its interaction with biological tissues [57], and the drug release profile [58].
This behaviour can be probed using neutron reflectometry and SANS combined with neutron inelastic,
quasi-elastic and spin-echo spectroscopy. A significant amount of effort is directed at the synthesis and
characterisation of new drug delivery materials, particularly for “stealth” carriers [24], which also reduce the
toxicity and side-effects of drugs. Using deuterium labelling, neutron scattering can probe the structures
and dynamics of the carrier material, encapsulated drug, and water in these systems. A prominent example
is polymersomes used to encapsulate magnetic nanoparticles for combined MRI imaging and magnetochemotherapy, as shown in Figure 2.5. The mechanism of targeted doxorubicin release, induced by a
magnetic field deforming the polymer membrane, was first demonstrated using SANS [26]. Neutrons are
also sensitive to the magnetic structure of materials. Studies of magnetic nanoparticles could benefit from
polarised neutron experiments on the general purpose polarised SANS instrument in the reference
suite.
Water dynamics also play an important role in drug release characteristics, for example from novel
injectable drug delivery media made from thermo-responsive polymer micro-capsules [25]. Such dynamics
can be probed by quasi-elastic neutron spectroscopy (QENS) on the picosecond to nanosecond timescale.
The cold and bispectral chopper spectrometers and backscattering spectrometers have a broad
dynamic range to investigate phenomena at different timescales, typical of those needed to investigate drug
delivery systems with structure and confinement effects on multiple length scales.
Food science
Many natural and processed foods contain colloidal structural elements that give them their characteristic
properties and determine how they feel in the mouth, how they are formed or how they are digested. In
the near future, functional foods using nanotechnologies are expected to have a huge impact in controlling
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Figure 2.5: Small angle neutron scattering was used to elucidate the mechanism of doxorubicin release
by deformation of polymersomes loaded with magnetic nano particles for combined MRI imaging and
magneto-chemotherapy. Left: Anisotropy of the SANS pattern due to polymersome deformation in a
magnetic field. Right: Cryo-TEM image of the polymersomes loaded with nanoparticles [26].
or enhancing nutrient release. Soft materials are also the key components in advanced packaging using
antimicrobial surfaces, and microporous and biodegradable materials. Neutron scattering has already provided important insights, for example by employing deuterium labeling to distinguish different components
in milk, in tannin precipitates in wine, and in protein-lipid nanoparticles for controlled release [59]. There
is the potential to do significantly more, particularly by investigating food and packaging materials under
realistic processing conditions over several length scales. This would be facilitated by the combination
of the multi-purpose imaging instrument, the broadband small sample SANS instrument, the
horizontal reflectometer and the instrument for surface scattering for measuring structure, while
the high resolution spin echo and wide angle spin echo spectrometers would cover fluctuation
measurements.
In summary, ESS will provide a wide range of high performance instrumentation to address twentyfirst century challenges in soft condensed matter research with higher throughput, faster time resolution,
detection of more dilute components, and imaging of structure and dynamics across a broad range, which
will further systematic studies of these complex multi-component materials. While the actual instruments
built will differ to a greater or lesser extent from those included in the reference suite, nonetheless the
instruments in the reference suite serve to illustrate these capabilities.

2.2.2

Life science

Modern life science faces the challenge of deciphering intricate cellular and molecular mechanisms in the dynamic chemical environments of living systems. To address issues such as
healthy ageing and food security, information ranging from atomic details to the workings of
entire organisms is required. Neutrons excel in discerning structure and dynamics on many
different time and length scales, particularly in hydrogen-rich materials. With unprecedented
neutron flux, ESS will open up new paths of research. ESS will be used to explore how individual proteins aggregate and cause degenerative disease; to visualise biological material in
three-dimensions; to identify key protonation states when drugs interact with drug targets; to
elucidate molecular interactions at membrane surfaces; and to understand in detail structure
and dynamics of complex multi-component systems in solution.
Deciphering the mechanisms behind health and disease and understanding the intricacies of plant
biochemistry and other complex biological processes are crucial for tackling many of the challenges facing
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humanity. Ageing, illness and the environmental impact of agriculture all involve complex biological
systems, the mechanistic understanding of which calls for information ranging from atomic and molecular
detail to the structure and functioning of an entire organism.
Neutrons have many advantages as a probe for structure and dynamics in biological systems, as biological samples with their high hydrogen content are easily damaged by X-ray or electron-scattering
techniques. Despite this, the use of neutrons in biology has not yet reached its full potential. The field
has to date been limited by a number of factors. Relatively low source brightness has demanded large
samples; the isotope labelling techniques required to make full use of neutron methods are not yet fully
developed for biology; and the number of neutron instruments appropriate for biological samples is limited today. A bright source will allow the investigation of small samples not amenable to neutron work
today. Furthermore, long neutron pulses are particularly well suited for a number of neutron techniques
relevant for biological systems. In combination with modern isotope labelling techniques, ESS will open
up opportunities for experiments on biologically interesting samples that were previously impervious to
neutron methods.
Macromolecular structures at an atomic level of detail
X-ray protein crystallography has provided monumental insights into the complex structure and inner
workings of proteins. While X-ray techniques provide valuable structural information, they cannot in
general determine the positions of hydrogen atoms, which are crucial in many biochemical processes.
Determination of these hydrogen positions by neutron crystallography offers a key advantage in understanding phenomena such as enzyme mechanisms, protein-ligand interactions or proton transport across
membranes. Understanding enzyme mechanisms in detail is not only of fundamental chemical interest, but
is also essential for designing better inhibitors for use as pharmaceuticals and for engineering industrial
enzymes. For example, Figure 2.6 illustrates how a combined neutron and X-ray crystallographic study
of the drug acetazolamide bound to its target protein, carbonic anhydrase II [60], definitively shows the
protonation state of the drug. This allows the rational design of better inhibitors for this important class
of enzymes, relevant in, for example, convulsion, obesity and cancer.
While the complementarity between neutron and X-ray macromolecular crystallography is increasingly
deployed on complex biological problems, this methodology remains underused – partly due to limited access to suitable neutron instruments worldwide and partly due to the relatively low brightness of currently
available neutron sources. With the enhanced ESS flux, it will become possible to apply the methodology described above to more challenging systems, such as proton-pumping membrane proteins that are
crucial for bioenergetics and photosynthesis [61], nerve and muscle function [62], or plant drought re-

Figure 2.6: A nuclear scattering length density map of the drug acetazolamide in the active site of human
carbonic anhydrase II, showing the unambiguous identification of hydrogen atom locations using neutron
crystallography [60].
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sistance [63]. Expanding the scope of neutron macromolecular crystallography will make possible more
systematic combined neutron and X-ray studies of protein-ligand complexes in the search for new drugs. A
macromolecular diffractometer in the reference suite, dedicated to biological crystallography, addresses
these challenges.

Solution structures of macromolecular complexes
The large, multi-component complexes involved in the biological function of most macromolecules are
often transient and inherently flexible, and hence difficult to crystallise. However, such structures can be
elucidated in solution to intermediate resolution using small angle neutron scattering in combination with
selective deuteration. By changing the isotopic composition of the individual components of the complex
and the solvent, the structures of different parts of the complex can be determined, and the information
combined to yield a full quaternary structure of the multi-component complex. Because of its ability
to discern separate components and subunits and their motions, this method is able to make important
contributions to understanding the intricate interactions between biological macromolecules in solution.
SANS on selectively deuterated samples is complementary to similar X-ray methods (SAXS). Together
with other techniques such as electron microscopy (EM), these methodologies are delivering important
insights in the biosciences. For example, the complex formed between myosin-binding protein C and
filamentous actin was studied with SANS and contrast variation, showing how these molecular interactions
regulate heart muscle contractions [22]. A combination of SANS, SAXS and mass spectrometry was used
to elucidate the role of a conformational change of the Munc18-Syntaxin protein complexes [23] involved in
vesicle fusion – a process crucial, for example, in the function of nerve synapses and carbohydrate storage.
Understanding such processes in molecular detail is instrumental to developing new treatments for heart
diseases, neurological disorders and obesity, among other conditions.
High brightness will increase the range of problems that can be addressed using SANS, as the protein
material of the biologically most interesting systems is often available in quantities too small for present-day
neutron experiments. More importantly, high flux will open opportunities to perform time-resolved studies
with macromolecular complexes. The broadband small sample SANS instrument is well adapted for
such experiments.

Dynamics of biomolecules
Biological macromolecules are not static structures and their dynamics are pivotal to their function. The
dynamic processes in such systems are difficult to monitor and successful research draws on a variety
of methods, including the use of neutrons, X-rays, nuclear magnetic resonance (NMR) and optical spectroscopy. These methods are highly complementary, illuminating different aspects of the dynamic activities
of biological systems.
Inelastic neutron scattering techniques are used to elucidate internal protein dynamics over many
length- and time-scales, from very fast dynamics on the atomic scale to the slow domain of motions taking
place over much longer distances. For example, the changes in the vibrational dynamics of dihydrofolate
reductase – an important target of antimicrobial and cancer drugs – upon binding of the drug methotrexate
were shown to have a significant effect on the binding free energy [64]. Other examples include water and
lipid dynamics at biological interfaces [27], and large amplitude domain motions in proteins [65]. The
functionally pivotal dynamics of biological membranes can also be monitored, as described in the following
section. Importantly, it is possible to follow the dynamic changes of biological macromolecules in response
to external stimuli. For instance, Figure 2.7 illustrates how the light-driven proton pump bacteriorhodopsin
was monitored using quasi-elastic neutron scattering (QENS) whilst being driven through a series of specific
functional states using laser excitation [28]. A set of instruments is needed, including a cold chopper
spectrometer and a backscattering spectrometer, in addition to high-resolution spin echo and
wide-angle spin echo, to probe the range of time and length scales involved. High neutron brightness
together with the advantages of modern dynamics simulation tools will allow the study of time-resolved
changes of dynamics in even more complex systems, and will facilitate the exploration of how changes in
protein dynamics correlate to biological function.
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Figure 2.7: The membrane protein bacteriorhodopsin is a light-driven proton pump whose function is
associated with a large conformational change. Using QENS, it has been shown that the conformational
change is preceded by a significant change in the dynamic modes of the protein, establishing a direct link
between internal protein dynamics and protein function [28].
Biological membrane assemblies
Biological membranes are complex functional assemblies that form the interface between organelles and
the cytosol, and between the cells and their environment. They also play a key role in larger structures
such as blood vessels and skin. Biological membranes constitute soft interfaces that mediate or regulate
many cellular functions [66]. The lipid matrix contains or anchors a wide range of membrane proteins,
carrying out specific tasks such as transport across the membrane and signalling between cells. The
integrated functionality of lipids and proteins was clarified in recent decades, in the so-called lipid-raft
model [67]. Subsequently, lipid membrane structures, lipid domain coexistence, and the role of cholesterol
in the structural properties of membranes have been subjected to intense investigations.
A range of methods are used for exploring biological membrane structure, including neutron scattering,
NMR, fluorescence microscopy and MD simulations. With neutron reflectometry and SANS, deuterium
labelling allows unique information to be obtained about the structure across the membrane. Observing
the nuclear scattering length density profile perpendicular to the membrane surface gives information
about the internal structure, such as the location [68], dimensions [69] and orientation [70] of membrane
proteins under physiologically relevant, non-crystalline conditions. Time-of-flight neutron reflectometry
and SANS can be used to study the mechanisms of molecular interactions and transfer processes at
biological interfaces, such as how natural antibiotics penetrate the outer membrane of a bacterium [71]
or how cholesterol is transferred across a membrane [72]. Neutron reflectometry gave insight into the
aggregation state and process by which the anticancer and anti-HIV plant peptides Kalata B1/B2 insert
into membranes [73]. Time-resolved reflectometry can also be used to follow chemical reactions at biological
interfaces, such as the toxic interaction of ozone with lipids lining the lung alveoli [74]. At ESS, it will
be possible to study smaller samples with better time-resolution, elucidate biochemical mechanisms, and
help design new therapeutic agents. It will also be possible to study the lateral structure in biological
membranes [75], using grazing incidence SANS, which extends the one-dimensional information obtained
from reflectometry to two-dimensional structures. In addition to the broadband small sample SANS
instrument, the horizontal reflectometer and the surface scattering instrument would be useful
for these investigations.
The dynamics of membranes have received much less attention than membrane structure, despite
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Figure 2.8: A state-of-the art quasi-elastic neutron scattering study using 30 single-supported lipid bilayers
showed that molecular diffusion is continuous and the rates are comparable to the bulk lamellar phase [79].
Left: The plane scattering experimental detection geometry. Right: The full-width half-maximum of the
quasi-elastic peak as a function of Q2 , revealing enhanced diffusion around qk ' 1 Å−1 corresponding to
the in-layer lipid molecule distance.
their importance [76]. Today mainly X-ray or visible light photon correlation spectroscopy is used but
neutron inelastic scattering has the potential to offer many new insights into this still relatively unexplored
area [77–80]. Figure 2.8 illustrates how lipid molecular vibrations could be probed at the picosecond
timescale using the cold chopper spectrometer, while collective motions, rotations and diffusion could
be probed using the backscattering spectrometer. This instrument in the reference suite provides an
unprecedented versatility, stemming from its ability to trade neutron flux for spectral resolution, while
bridging the gap to the high resolution spin echo and wide angle spin echo spectrometers, which
can also probe the membrane fluctuations.
The crowded interior of cells
The cytoplasm of a living cell is a mixture of thousands of proteins, together with nucleic acids, metabolites
and signalling substances, adding up to a very high total concentration. Despite the fact that the cellular
proteins often contain opposite charges and differ widely in size, shape and interactions, the intracellular
fluid is normally stable. However, there are cases in which the proteins do become unstable, and this
is typically at the onset of protein condensation diseases such as cataract, sickle cell disease and many
others. In recent years, it has also become clear that the common denominator of many neurodegenerative
diseases is uncontrolled protein aggregation. Science has not yet arrived at a detailed understanding of
the molecular origins of these diseases.
Neutron scattering possibilities, combined with other techniques, will further understanding of what
makes proteins aggregate at the onset of a condensation disease, and help decipher the role that individual
proteins play. SANS combined with selective isotope labelling is well suited to investigate macromolecules
and complexes in highly concentrated solutions often inaccessible with other techniques. By manipulating
the contrast of the crowding agent, contributions from a highly concentrated solution can be minimised
while studying the complex in crowded conditions. In combination with detailed molecular dynamics
simulations, this approach has already shed light on interactions among proteins in the eye lens, creating
the basis for a scientific understanding of cataract formation [81].
Any attempt to understand nature’s cellular machinery will also need to address the dynamic properties
of proteins. The diffusion of proteins in the dense and crowded environment of the cell is an essential topic,
as it strongly influences processes such as signal transmission or reactions between proteins. Combined
with modern colloid theories for hydrodynamic interactions in dense solutions and computer simulations,
neutron backscattering and spin echo spectroscopy have already made it possible to disentangle internal
protein dynamics and overall diffusion in a crowded environment [82, 83], thus raising hopes of one day
perfecting a quantitative understanding of protein diffusion and its role in a variety of biological processes.
Current limits on sample volume and neutron flux, and the current state-of-the-art of preparing par-
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tially deuterated proteins at concentrations comparable to that of the cell cytosol, make many important
experiments unfeasible today. The proposed broadband small sample SANS instrument, with its
superior flux and broad simultaneous range of scattering vectors, could bring closer a breakthrough in the
understanding of living cells and protein condensation diseases. Dynamics studies using backscattering
and neutron spin echo techniques will considerably benefit from high flux and relaxed wavelength resolution. The backscattering, wide-angle spin echo and high-resolution spin echo instruments
combined with the possibilities offered by the planned deuteration laboratory and computer modelling
activities will have the potential to make important contributions to systems biology through investigation
of macromolecular crowding and protein dynamics under conditions that mimic the cell cytoplasm.
Imaging organism-level complexity
Biological imaging is an area of wide interest that has made considerable progress in recent years, using
a number of different probes. While imaging using neutrons is currently underexploited for biological
applications, there are some key advantages of neutron imaging that make this an avenue worth exploring.
These are the high penetrating power of neutrons through material that scatters light, the contrast between
different light elements often present in biological samples, and the absence of radiation damage to the
sample. Because of these characteristics, neutrons can be used to image processes at the organism level
under realistic conditions. For example, neutron imaging has been used to study the time course of
water uptake in plant roots [29], an agriculturally important process that is difficult to image with light
microscopy through the surrounding soil. High brightness will make such studies more rapid, improve the
time resolution and allow a more widespread use of tomographic imaging to study the three-dimensional
organisation of biological tissues and organisms in conditions not easily amenable to light microscopy. The
multi-purpose imaging instrument is well suited for such applications.

2.2.3

Magnetic and electronic phenomena

Understanding magnetic and electronic phenomena is key to improving materials used in advanced technologies, and also to enhancing fundamental knowledge about quantum matter.
Their investigation represents a core activity for both basic and applied research. With their
unique sensitivity to magnetism, neutrons have been extremely successful in identifying the static
and dynamic properties in a broad range of materials, from magnetic hetero-structures, molecular magnets and magnetic nano-particles promising novel electronic devices to unconventional
superconductors and novel quantum states of matter. The versatile ESS instrumentation will
provide unprecedented simultaneous coverage of length and time scales to identify how and why
these quantum states are realised. The long-pulse flexibility will make it possible to use the high
neutron flux to carry out higher precision measurements, and to study quantum materials in
situ and in operandi under extreme environments, as required for the study of quantum phase
transitions. Providing high precision maps of the magnetic polarisation and spin dynamics using polarisation analysis provides a yard stick for theoretical modelling, and yields quantitative
information unavailable with any other measurement technique.
Huge technological advances are being made by better understanding and manipulating the electronic
properties of materials. Examples are giant magnetoresistance (GMR) compounds, high temperature
superconductors and, most recently, topological phases and graphene. For many of these important materials, neutron methods have played a pivotal role in bringing insights that could not have been realised by
other means, including accurate crystal and magnetic structure determination; investigation of magnetic
resonance in superconductors; and greater clarity about exchange bias in GMR films.
The strength of neutron- and non-neutron-based scattering techniques lies in their ability to measure
spatial and temporal correlations simultaneously, thus providing information about the different length and
energy scales responsible for electronic phenomena. The direct microscopic information yielded by using
neutron spin as a quantitative probe makes neutron scattering very useful for benchmarking theoretical
models against experimental results. While there have been very recent exciting developments in measuring high-energy magnetic excitations with broad resolution using resonant inelastic X-ray scattering, the
impact of neutron scattering in the field of magnetism is extremely important. The energy scales of many
of these emerging magnetic and electronic phenomena lie in the sub-meV to tens of meV energy regime
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where high resolution and precision is required to untangle the competing interactions that underpin much
of the physics of these materials. ESS, with its strength in low energy cold neutrons and novel long pulse
time structure, will be a valuable tool in the investigation of low energy magnetic and electronic phenomena. The enhanced brightness will allow the study of novel materials that are synthesised in quantities
too small for present-day neutron investigations. In addition, it will be possible to make more use of
polarised neutron scattering than was possible at earlier neutron facilities. Polarised neutron scattering is
very important for the study of magnetism, but places huge demands on neutron flux that were beyond
the capacity of earlier facilities in many circumstances.
Currently, about one quarter of available neutron beam time is used to study magnetic and electronic phenomena, driven by both fundamental and applied research interests. Though the majority of
publications result from powder diffraction investigations, all neutron techniques are used for magnetic
investigations. In the next section, a few select examples are given to illustrate the wealth and breadth of
uses of neutron scattering within this field and how ESS will transcend many of the current limitations on
the power and range of neutron scattering techniques, furthering investigation of some of the most exciting
materials of the 21st century.
Symmetries in emergent complex phenomena such as high temperature superconductivity
The behaviours of individual electrons and lattices are fairly well understood, yet the electronic properties
of high temperature superconductivity and the electronic charge and spin ordering observed in multiferroics cannot be predicted. As such, collective behaviour cannot be determined from individual constituents.
Emergent complex phenomena are currently viewed as fundamental research. Nevertheless, an understanding of these phenomena will be the starting point for future innovative technologies. One example is the
studies of flux-line lattices of practical superconductors, in which the effects of applied magnetic fields are
of crucial importance to increasing the efficiencies of materials that are necessary to create the high-field
magnets that are ubiquitous in medical imaging.
The nature of high temperature superconductivity and its relation to magnetism remains one of the
great scientific enigmas, as outlined during the Nobel lecture of V.L. Ginzburg [84]. By studying changes in
the symmetry of spin dynamics upon entry into the superconducting state, neutron scattering has revealed
the features of superconducting phases relative to the symmetries and energy scales involved [85–87]. The
observations challenge the well-established BCS theory of phonon-driven superconductivity and help to
benchmark theoretical models evoking magnetism not only for long-studied copper oxide-based high temperature superconductors, but also for the rare earth- and iron-based unconventional superconductors.
Probing the excitation spectrum has been simplified recently with the possibility to measure four dimensional spatial and energy neutron scattering maps using chopper spectrometers with position sensitive
detectors that were not available when the first wave of high temperature superconductors was discovered [85]. However, present-day neutron spectroscopic instrumentation is limited to specific energy regions
– cold or thermal neutron scattering – while emergent complex phenomena affect dynamic behaviour over
broad energy scales. Novel bispectral instrumentation such as the bispectral chopper spectrometer
will provide extended energy ranges in this field.
Orbital current excitations are believed to be pivotal to high temperature superconductivity. An extensive study of the neutron spin-polarisation dependence of their signal is necessary to obtain a conclusive
explanation of this phenomenon [88]. These signals are very weak and overlay with other strong features
such as phononic scattering. The future for crystal analyser spectrometers and chopper spectrometers lies
in providing full polarisation analysis to separate these weak signals. In addition, the relevant signatures
are often revealed at specific positions in momentum space and need to be studied as a function of external
parameters such as temperature, pressure and magnetic field. The crystal analyser spectrometer in
the reference suite is optimised for such parametric studies under extreme conditions.
Novel states of matter
Novel states of matter are states that clearly deviate from the current canonical description. These phases
have many exotic properties, and their study is driven by scientific curiosity about fundamental issues.
Interestingly, certain solid state phenomena have cosmological analogues, such as magnetic monopoles that
interact in a class of magnets knows as spin ice [7, 89–91], as illustrated on the left of Figure 2.9. The
cosmological Higgs mechanism can be evoked to explain how the magnetic monopoles in spin ice undergo
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Figure 2.9: Left: A pair of separated monopoles, red and blue, with a chain of inverted dipoles between
them. “Dirac strings” are highlighted in white with the associated magnetic field lines [89]. Right:
Magnetic vortex spin ordering in a Skyrmion lattice as first revealed by neutron scattering [7].

an unusual first order phase transition. The Higgs mechanism observed in spin ice confines the magnetic
field in a manner analogous to the mechanism that causes the weak nuclear force to confine the nucleus [92].
The experimental signatures of these phases could only have been determined via the unique properties
of neutron scattering and, in particular, by using information gleaned from polarisation analysis. The
single-crystal magnetism diffractometer in the reference suite would contribute to further research
in this field of enquiry.
These novel states can all be understood to arise from a phenomenon known as magnetic frustration,
which displays low frequency spin dynamics due to its degenerate ground state. Due to the low energy
scales, the excitations are inaccessible by non-neutron scattering methods. Typically, they are probed by
cold neutrons on chopper spectrometers, backscattering instruments and via the Fourier time of a spin
echo instrument such as the cold chopper spectrometer, the backscattering instrument or the wide
angle spin echo instrument in the reference suite. The dynamics in these compounds are complex and
cover a wide energy range. Longer Fourier times, coupled with greater flux and higher energy and spatial
resolutions will be available to dissociate relaxational dynamics from more exotic experimental signatures.
The interplay of topology and magnetism has revealed a number of exciting new magnetic states. One
of these is the Skyrmion lattice, as shown on the right of Figure 2.9, which originates from a charged
topological spin texture due to strong electronic correlations. Neutron scattering was able to reveal this
highly complex order to be a chiral lattice of topological particles [7]. Although chirality and topology
are old concepts in theoretical terms, recent research is discovering them in an ever-growing number of
compounds. The study of their behaviour requires all the experimental attributes that have been mentioned
thus far. Of particular importance for future instrumentation will be low-Q capabilities on all wide-mapping
diffraction instruments, such as the single crystal magnetism diffractometer and bispectral powder
diffractometer, and on spectroscopic instruments, including chopper spectrometers and the cold
crystal-analyser spectrometer, with polarisation analysis capabilities to separate the chiral terms, and
high Q and E resolution to probe the finely detailed structures.
Quantum critical behaviour shows phase transitions that cannot be mimicked in the classical world.
Quantum fluctuations give rise to an abrupt change in the ground state when their energy scales (1 meV,
11.56 K, and 10 T for 1 µB ) exceed those of thermal fluctuations. They can be accessed by tuning a
phase transition to T = 0 K via external or chemical pressure or magnetic field. The scattering profiles
obtained tend to be broad, and as the quantum critical point is approached, the signal is intrinsically
weak [93]. A key requirement is to map out the dynamic response over a wide range of momentum and
energy space as a function of temperature concomitant with magnetic field or external pressure. The high
penetration power of neutrons permits extreme sample environment equipment to be used during a neutron
experiment, and neutron scattering avoids beam-heating the sample when performing measurements at
sub-Kelvin temperatures. On the other hand, these restrictive sample environments result in small sample
volumes. In addition, it is necessary to synthesise samples with homogeneous doping, which again leads
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to small sizes. The dedicated cold crystal-analyser spectrometer and the extreme conditions
instrument are well suited to providing extreme environments with focusing optics for small samples and
restrictive sample environments.
Fractional excitations observed in low dimensional magnetism are another manifestation of novel states
of matter. This phenomenon provides a distinct opportunity to study the ground and excited states of quantum model systems. In particular, the 1D Heisenberg antiferromagnetic chain has proved fertile ground for
the interplay between theory and neutron scattering by recently revealing a four-spinon continuum at high
energies that emerges when long range magnetic order is destroyed via quantum fluctuations [94]. The low
energy scales involved are well matched to neutron methods and inaccessible with other scattering methods
such as resonant inelastic X-ray scattering. However, current neutron scattering experimental limits arise
from the intrinsically small magnetic moments and the subtle experimental manifestations that distinguish
the disparate theories. Wide mapping instruments such as chopper spectrometers will continue to play an
important role in these strongly correlated behaviours in which weak scattering signals are distributed over
broad regions of momentum and energy space. The greater brilliance, together with polarisation on large
mapping instruments such as the chopper spectrometers in the reference suite, holds great promise for
the generation of data that can be benchmarked against theoretical models.
Non-equilibrium quantum phenomena
Using magnetic materials in technological applications includes manipulating and perturbing a magnetic
system to create non-equilibrium states that will pave the way for novel scientific phenomena. This
perturbation is possible via magnetic switching by ultrafast, 2 picosecond magnetic field pulses [95]; manipulation of the energy landscape by strong single cycle electric field pulses [96]; and ferromagnetic to
antiferromagnetic phase transitions induced by femtosecond laser pulses. The physical mechanisms behind
these transitions are not fully understood, although a dedicated research effort is under way, in particular,
at pulsed X-ray laser facilities [97]. ESS will enter this pump-pulse field in the microsecond time range to
complement pulsed X-ray work. In situ measurements such as these do not require a drastic change in
instrumentation, but the experimental requirements for applying in situ external stimuli such as electric
fields, lasers or microwave radiation must be considered carefully in the instrument design. The optimisation of the crystal analyser spectrometer for investigations within a horizontal scattering plane plays
to its strength when the sample environment imposes restrictions on the scattering geometry.
Thin film heterostructures
Thin film and multi-layer structures comprising oxide heterostructures give rise to novel concepts for electronic devices. These heterostructures are based on metal oxide materials that display a broad range of
physical phenomena. These phenomena include large spin polarisation; colossal magnetoresistance; electronic phase ordering; and charge, orbital and spin ordering [98–100]. Such phenomena are altered in thin
film structures due to surface and interface effects that are probed using polarised neutron reflectometry
complementary to X-ray investigations. ESS will offer the possibility to measure the static and dynamic
behaviour of thin film heterostructures that have been reduced in size with the concomitant size effects
realised in novel electronic devices. Novel instrumentation that profits from a gain in the source brightness will enable reflectometers, such as the vertical reflectometer, to routinely measure the very weak
scattering signals that hamper current day investigations.
Molecular magnets, nanoparticles and excitons in confined systems
Molecular magnets, nanoparticles and excitons in confined systems realise the trend towards the miniaturisation of electronic and biological devices to an extreme degree. Molecular magnets are new classes
of magnetic materials at the nano-scale. Research is underway to create multifunctional molecules whose
properties can be fine tuned at the molecular level, offering superior performance for spintronics as well as
for biological and medical applications. Indeed, molecular magnets will be used to facilitate the separation,
purification and concentration of different biomolecules encased within magnetic molecules from the bulk
solution through the application of a magnetic field. Their function depends on microscopic correlations revealed via single crystal neutron studies. Recent inelastic neutron scattering work determined the unusual
spin dynamics [101] of a molecular magnet. These experiments are challenging to conduct, since these materials are often only available in small single crystals resulting in a limited scattering signal. Instruments
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optimised for small samples will form an essential part of the instrument suite, and may include the bispectral chopper spectrometer, vibrational spectrometer, cold crystal-analyser spectrometer,
single-crystal magnetism diffractometer and the extreme conditions instrument.
Significant potential applications in ultrahigh-density magnetic recording, information processing, and
magnetic sensing result from the confined nature of magnetic antidot arrays [30,31]. Specific attention has
been devoted to recording processes, with studies of the magnetic domain configuration to obtain regions
where basic units of information will be stored. Spatial information obtained by neutron scattering is
essential to determine the properties of these magnetic antidot arrays. The reduced sizes of these structures have revealed novel spin states and corresponding excitations not observed in bulk materials. These
nano-sized structures can be observed using the vertical reflectometer or the general purpose polarised SANS instrument. Dynamics can be probed using the cold chopper spectrometer. Polarised
neutron scattering with micro-focused neutron beams from ordered nanometer-sized magnetic regions on
such antidot arrays also hold great potential for detecting local versus global structures, scanning lateral
inhomogeneities and correlating nuclear and magnetic structures. Currently, polarisation analysis is hampered by the great loss of incident flux during the polarisation and analysis of the neutrons. As such,
experiments that employ polarisation, essential for a full quantitative description of such anti-dot arrays,
will benefit from the flux increase that ESS will realise.

2.2.4

Chemistry of materials

The search for new materials with novel and attractive properties is as alluring as it is scientifically challenging. Neutrons are an indispensable tool to reveal and understand the role of light
elements in ever more complex and versatile materials. Advances built into ESS will meet the
increasing demands of modern materials chemistry in respect to real time studies using smaller
gauge volumes or samples in more dilute forms than is possible with neutrons today. In situ
and in operandi views of processes with simultaneous determination of structure and dynamics
will make movies of the chemistry of materials possible in realistic conditions with unmatched
clarity.
Human demands on materials drive their increasing complexity. Society needs better catalysts, improved construction materials and safer pharmaceuticals. Discovering where atoms are, and what they do
is key to understanding their properties, which in turn makes it possible to design and tailor materials
for a variety of applications that benefit society. ESS, with its unparallelled brightness and innovative
instrument suite, will be an important tool for understanding the physics and chemistry of materials. This
field is extremely multidisciplinary, intersecting with energy, chemical, environmental and life sciences and
with electronics and geoscience. The goal that unites these disparate fields is the desire to understand and
impart functionality to materials.
Although there have been significant advances in diffraction and spectroscopic techniques with a new
generation of synchrotron light sources, the unique capabilities of neutron-based instruments still make
them the tool of choice to gain critical insights into new materials. Neutrons provide absolute structure
factors and total magnetic moments that can be directly tested against theoretical predictions. The isotopic
variation of the neutron’s scattering length between hydrogen and deuterium is an irreplaceable tool in
many applications involving hydrogen-containing materials such as pharmaceutical and cements. The
touchstone for modern advanced materials research is the determination of the structure and dynamics
of realistic materials under realistic conditions. The deeply penetrating power of the neutron allows
researchers to peer into the material itself while it is in action, yielding insights that can not be obtained by
other means. High brilliance will allow researchers to view decreasing gauge volumes inside devices, gaining
insight into physical and chemical processes in real time with second to millisecond resolution. This will
make it possible to study the ever-increasing complexity and nano-structure of functional materials, which
will be studied with greater precision and in more dilute realistic forms. For an advanced understanding
of physical and chemical properties, scientists will be able to harness the combined power of advances in
experimental, theoretical and computational methods. The key experimental techniques are diffraction,
small angle neutron scattering and imaging for structure, and inelastic neutron scattering, quasi-elastic
neutron scattering and spin-echo for dynamics.
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Novel materials
A recent review stated that superconducting materials are, “still alluring but hard to predict . . . ” [102].
This encapsulates the great challenge in materials chemistry: Even after centuries of research and development in experimental and theoretical methods, it remains difficult to predict novel properties of
materials. While our society greatly benefits from novel materials exhibiting negative thermal expansion,
new light-emitting compounds or novel high temperature superconductors, our ability to discover them
largely relies on scientific experience and intuition. In recent years, the chemical processes for forming new,
technologically important compounds have become ever more extreme conditions in terms of pressure and
temperature [103–105]. This leads to smaller and more complex samples whose structure and chemistry
must be understood [106].
Neutrons and X-rays are the basic tools for characterising these new materials. While X-rays often
provide highly accurate information on complex symmetry, neutrons are best suited for accurately determining the positions of atoms. These tools are indispensable for advancing understanding of novel
materials and their properties. Often these advances in chemistry have proved resistant to the important
information that neutrons can deliver. ESS will make possible a suite of diffractometers that will be able
to measure ever smaller and more complex novel materials under realistic processing conditions, which
promises critical acceleration of materials discovery. The dedicated cold crystal-analyser spectrometer and the extreme conditions instrument are well suited to provide extreme environments with
focusing optics for small samples and restrictive sample environments.
Structure and in situ processing
Crystallography is the cornerstone of materials characterisation, determining where atoms are in space.
Without this knowledge, it would be impossible to relate structure to properties [107–109]. Neutron
scattering is highly complementary to X-ray scattering and, ideally, requires flexible instrument set-up
(resolution, Q-range and flux), which is inherent to the long pulse source. In-situ processing [110–112] is
an extension of crystallography – investigation of a system in real-time as a function of changing variables,
such as time [113], temperature, pressure, magnetic field and/or chemical potential [114, 115]. It can also
be applied to investigate the evolution of dynamics and changes in microstructure over time. Neutron scattering has barely scratched the surface of possibilities offered by high flux, high time- and spatial-resolution
instruments [116–119]. At ESS, scientists will perform multi-technique measurements and combine them
with computational modelling, connecting theory and experiment to understand processes in great detail. The reference instrument suite reflects the various needs for structural investigation by providing the
general-purpose polarised SANS and broadband small sample SANS instruments, the thermal powder diffractometer, bispectral powder diffractometer, pulsed monochromatic powder
diffractometer, materials science and engineering diffractometer, extreme conditions instrument and the single crystal magnetism diffractometer.
Catalysis
Catalysis, the ability of some substances to alter the rate of chemical reactions without being consumed,
was recognised more than 150 years ago and has been applied on an industrial scale since the beginning of
the last century. To understand catalytic activity, or to tailor a catalyst to do a specific job, it is necessary
to understand the individual steps in the catalytic process in detail. Many experimental techniques, from
NMR to synchrotron radiation and microscopy, are employed to understand and tailor these materials for
their realistic applications. The unique advantage of neutrons resides in their ability to locate hydrogen
atoms and determine their chemical state [120–122], providing critical insight into catalytic activity. While
quenching a catalytic system in operandi is often used to perform quasi-static neutron measurements of
the frozen state [123], this method is of limited practical use, as the system is not investigated in its active
states. ESS will facilitate routine, time-resolved measurements breaking new ground in fast catalytic
processes at the gas-solid interface. The combination of these measurements with computer simulations of
model and real systems (facilitated via the ESS-DMSC) delivers the potential to provide new insight into
the structure and function of catalysts. Key instruments that address these needs in the reference suite are
the thermal powder diffractometer, pulsed monochromatic powder diffractometer, bispectral
powder diffractometer, cold chopper spectrometer, vibrational spectroscopy instrument and
backscattering spectrometer.
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Health and pharmaceutical drugs
The development of pharmaceutical drugs must proceed through several stages in order to ensure their
safety and efficacy before their introduction into the market. Many problems that delay new drug approvals
are related to insufficient understanding of the drug’s physical properties and manufacturing processes [124].
Although the intrinsic activity of an active pharmaceutical ingredient is determined by its chemical structure in solution and how it interacts with its targets (i.e. receptors and enzymes), the effectiveness of a
drug’s delivery depends largely on its physicochemical and materials properties in the solid state. It is
critical to identify the degree of polymorphism and stability of the active ingredient in the presence of other
polymorphs before development. Choosing the lowest free energy polymorph usually leads to dissolution
problems and low bioavailability, whereas the highest energy polymorph may yield high solubility that
is accompanied by high toxicity and a very short half life. Selecting the appropriate level of free Gibbs
energy of the active ingredient is crucially important as the consequences of incomplete evaluation can be
disastrous. For example, the lowest energy polymorph of the HIV protease inhibitor Ritonavir rendered
the bioactive higher energy polymorph inactive [125].
Despite all the experimental tools available, the energy landscape of drug polymorphs is not exhaustively
investigated during the discovery phase. Such a task is not straightforward and in most cases Raman
scattering and powder X-ray diffraction are insufficient. Access to both spatial and time correlations,
and the absence of selection rules are unique to neutron spectroscopy. Wider use of neutron scattering
techniques has the potential to make a big impact in this evaluation process [119, 126–128]. Combining
neutron techniques with the existing arsenal of other methodologies will make it possible to locate the
hydrogen atoms in a more precise way and to understand their dynamics in molecular drugs, thus mapping
the energy landscape more precisely and understanding polymorphism more accurately. For structural
studies, higher fluxes and the flexibility to tailor long pulse will be valuable for studying processes in
situ using instruments like the thermal powder diffractometer and the pulsed monochromatic
powder diffractometer. Dynamics could be determined by neutron spectroscopy using the vibrational
spectroscopy instrument, the backscattering spectrometer, the cold chopper spectrometer or
the bispectral chopper spectrometer.
Environmental and green chemistry
Modelling of cloud formation by atmospheric aerosol droplets [129, 130] as well as safe and economical
processes for water purification in developing countries [131] are examples in environmental chemistry for
which neutron investigations have already played an important role. Investigating the environmental fate
and the structure-activity relationship of engineered nanomaterials is essential to understanding their environmental impact and to providing a framework for improved nanomaterials that are more environmentally
benign. Only a few structure-activity relationships have been completely elucidated [132]. In addition to
SANS, the multi-purpose imaging station will allow materials to be studied non-destructively and
under operational conditions. Following processes in situ will also play a fundamental role in developing
alternatives that have a lower environmental footprint. The high neutron flux of the horizontal reflectometer could make possible studies of interfacial reactions at the millisecond to second timescale,
allowing the kinetics and mechanism of processes to be understood.
Waste management
Natural and engineered clay barriers appear in the multi-barrier concept used for the disposal of high and
long-life radioactive wastes at great depth, while concrete, the world’s most versatile and most widely used
material, is commonly used for repository barriers for intermediate-level waste. The quality of these barriers
and their resistance to water is critical in safeguarding the environment. The quality of hardened concrete is
strongly influenced by the water confined in the cementitious materials and by water transmission through
cracks and pores. In the case of clays, the dynamic properties of water molecules in the interlayer spacing
is responsible for a wide range of water activity. In both cases, environmental conditions can interfere with
these barriers and influence their service life. Neutron scattering offers unique advantages for understanding
how water transmission is affected by confinement in such waste management materials [133–136].
Figure 2.10 illustrates how quasi-elastic neutron techniques have provided information about the dynamics of water molecules and their mobility. SANS, with its sensitivity to nanometer structural features,
has made it possible to look into pores and water adsorption [137, 138], and neutron imaging has revealed
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Figure 2.10: A 3D representation of the time evolution for a quasi-elastic neutron spectroscopy spectrum.
Left: A hydrating cement paste [133]. Right: Elastic and quasi-elastic components contributing to a QENS
spectrum at a given time after cement mixing. The inset records the bound water index as a function of
time.
the pore size distribution and the extent of cracking [113]. The multi-purpose imaging, generalpurpose polarised SANS and broadband small sample SANS instruments promise a better grasp
of the nuances of the hydration process of various waste management materials, allowing for a better
understanding of their structure. In the reference suite, the dynamics of the various water populations
found in concrete and clays are covered by the cold chopper, bispectral chopper and backscattering
spectrometers, as well as by the instrument for vibrational spectroscopy. The combination of
experiments on these instruments with computer modelling insights into the dynamics of water facilitated
by DMSC could further the development of better and more durable barriers for waste management.

2.2.5

Energy research

The properties of the neutron are well suited to investigating the structural and dynamic processes responsible for relevant macroscopic properties in energy materials such as polymer solar
cells, batteries, fuel cells, thermoelectric materials and materials used in hydrogen technologies.
The high penetration depth of the neutron can be used to probe complex systems and assemblies
under working conditions. The presence of light atoms such as oxygen, lithium and hydrogen
require neutron-based techniques to elucidate structure and to determine mechanistic pathways
since these are difficult to detect with X-ray scattering techniques. The high ESS brilliance
will be valuable in the study of physical properties and processes in advanced materials, which
are typically synthesised in small quantities. Investigating the electrochemistry of batteries and
fuel cells may lay important foundations for a possible hydrogen-based energy economy in the
future.
In a recent book about energy research in the European Union [139], the crucial importance of a reliable
and sustainable energy supply is highlighted:
Reliable and sustainable energy supply is fundamental to the economic and social fabric of
nations, and to the well-being and quality of life for their citizens. In an age when the demand
for traditionally exploited natural resources is outpacing supply, conventional industrial practices are contributing to undesirable climatic change and developing regions are competing for
a greater share of finite fuel stocks, the search for innovative ways to meet this need becomes
more urgent than ever.
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Materials research provides the foundation for developing novel technologies for a clean, reliable and efficient energy supply. In particular, the advent of nano-materials has placed materials research at the forefront of developing sustainable technologies for energy conversion and storage. Principal areas of interest
include polymer-based solar cells, batteries, fuel cells, thermoelectric materials and hydrogen technologies.
The properties of the neutron are well suited to investigating the structural and dynamic processes responsible for relevant macroscopic properties. The high penetration depth of the neutron can be used to probe
complex systems and assemblies under working conditions. The advantage of isotopic contrast provided
by neutron-based technologies, and their sensitivity to light atoms such as oxygen, lithium and hydrogen,
are valuable for elucidating structure and determining mechanistic pathways which are difficult to detect
with X-ray scattering techniques. High neutron brilliance will provide new opportunities in the study of
physical properties and processes in advanced energy materials.

Fuel cells
Fuel cells have great potential to aid in overcoming global energy challenges, by combining efficient conversion technology and hydrogen as a clean energy carrier. They will play a significant role in a number
of energy end-use sectors, from electric vehicles to power plants. Neutron scattering is integral [140] in
designing and evaluating novel candidate materials [14,141], as well as in elucidating mechanisms [142,143]
that will lead to improvements in energy efficiency, performance and sustainability. In addition, because
of the non-damaging nature of the neutron and the large penetration depth, neutron scattering is particularly powerful for understanding the underlying causes of failures and inefficiencies in components [15]
and in operating fuel cells [144] as shown in Figure 2.11, as well as for monitoring the in-operation performance and lifetime of membrane-electrode assemblies and operating fuel-cell stacks. The key challenge
in this field is to optimise the energy efficiency of fuel cells. This requires a greater understanding of
the relationship between proton diffusion and chemical structure, which will require tunable resolution in
space and time. While there is a plethora of advanced tools deployed to track the location and motion
of light atoms in fuel cells, real- and reciprocal-space neutron images of fuel cells are unparallelled. The
long pulse advantage will make versatile instruments possible that will cover the extended spatial domains
needed to optimise the efficiency of fuel cells. Relevant instruments in the reference suite include the thermal powder diffractometer, pulsed monochromatic powder diffractometer, bispectral powder
diffractometer, vertical reflectometer and multi-purpose imaging instrument.

Figure 2.11: A radiographic image of an operating PEM fuel cell (140 mm × 140 mm). The dark horizontal
lines indicated by the arrow are large water accumulations in the gas flow channels.
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Gas storage materials
The broad class of gas storage materials includes hydrides, hydrates, clathrates, frameworks, metal-organic
frameworks and nanotubes, with an emphasis on reversible hydrogen storage; encapsulation of other small
molecules, such as alkanes; and trapping of harmful gases, such as carbon dioxide. Storing hydrogen safely,
efficiently and reversibly is one of the main technological challenges which must be met before hydrogen
can be adopted as a widespread energy carrier. In situ neutron diffraction has been widely used to monitor
hydrogenation and dehydrogenation reactions and site preferences [17,145–147]. Such work could be further
advanced by the capabilities of the thermal powder diffractometer and the pulsed monochromatic
powder diffractometer instruments, while the general-purpose polarized SANS and broadband
small sample SANS instruments are powerful tools for studying the effects of small molecules confined
in gas reservoirs, such as shale gases in coal, with implications for carbon dioxide sequestration [19, 20].
By measuring the characteristic rotational spectrum of hydrogen models, inelastic neutron scattering [18, 149, 150], quasi-elastic neutron scattering [151] and neutron vibrational spectroscopy [152, 153] are
uniquely able to identify the amount of un-bound hydrogen in a sample and to reveal if it is present as
dihydrogen [154]. The backscattering and wide-angle neutron spin-echo spectrometer instruments
in the reference suite could be used to investigate the hydrogen diffusion mechanism in hydrogen-storage
materials. Understanding how clathrates form, coexist, transform and decompose [155, 156] under particular conditions of temperature and pressure is crucial to their use as fuel sources and to investigating the
origins of pipeline blockages due to the formation of clathrate plugs. Also of interest is carbon dioxide

Figure 2.12: Top: A comparison of the inelastic neutron scattering spectra of activated dihydrogenTi binding on a silica-supported TiIII organometallic complex and a simple density functional theory
model in which Ti-benzyl is attached to two layers of hydrogen-passivated silicon dioxide. Bottom: The
calculated reaction path from physisorption to Kubas-like dihydrogen binding with an activation barrier
that is consistent with the neutron measurements shown above [148].
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sequestration and understanding the implications for climate change of uncontrolled release of methane
and carbon dioxide from undersea clathrate beds. The cold chopper spectrometer and vibrational
spectrometer are well suited for this work. As illustrated in Figure 2.12, it is useful to combine advanced
computational methods such as molecular dynamics and density functional theory [148] with experimental
measurements. Provided with adequate tools, scientists will be able to gain new insights into how gases
actually anchor in these complex frameworks and how new materials can be tailored to meet society’s
future needs.
Battery materials
Batteries represent the most widely available solution to energy storage in a huge range of applications,
from personal batteries in smoke detectors to backup energy supply in case of mains failure. Many batteries
rely on ion exchange and/or the ionic conductivity properties of lithium and hydrogen, making them prime
candidates for investigations using neutron scattering methods in operation [13,157–159]. Time-dependent
studies could be performed using the thermal powder diffractometer, pulsed monochromatic powder diffractometer, bispectral powder diffractometer, vertical reflectometer and multi-purpose
imaging instruments. Higher brilliance instruments will allow faster time dependent studies, but just as
important, imaging techniques offer the opportunity to visualise working batteries under charge and discharge conditions [158, 159]. The multi-purpose imaging instrument provides novel capabilities for
spatially resolved neutron scattering studies with the full range of high resolution attenuation contrast
options to image subtle effects. Quasi-elastic neutron scattering could be used for diffusion measurements
on the weakly scattering lithium ions, thus making it possible to study the diffusion mechanism directly.
QENS on operating battery materials would be possible using the backscattering and chopper spectrometers, while the wide-angle neutron spin-echo spectrometer could be used for probing dynamic
properties, especially in lithium-ion battery materials.
Thermoelectric materials
Thermoelectric materials hold great potential to further sustainability by applications in thermoelectric
devices for waste-heat recovery and in the refrigeration industry. With more efficient, cheaper and environmentally friendly materials, markets for these devices will grow enormously. The research roadmap
is clear. Better performance will be found by combining low thermal conductivity with high electrical
conductivity – the so-called “phonon glass-electron crystal” concept [16]. Many thermoelectric materials
exhibit cage-like host structures with heavy rattling ions, which act as wave breakers to the dispersive
and heat-transporting acoustic phonons. The interaction of local phonon modes with the acoustic phonon

Figure 2.13: The phonon response of the thermoelectric material Zn4 Sb3 is hallmarked by anisotropic
rattling of Sb2 dumbbells. Left: Neutron time-of-flight data at 300 K. Right: A model calculation of the
same data [160].
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branches affects phonon lifetimes and reduces thermal conductivity [160,161], as illustrated in Figure 2.13.
While Inelastic X-ray scattering offers the possibility to measure phonons from tiny crystalline samples,
it provides neither the S(Q, ω) mapping capabilities nor the energy resolution to map out phonon anomalies. For this purpose, inelastic neutron scattering is a key technique for determining lattice vibrations and
revealing the microscopic origin of the low thermal conductivity with the degree of precision required to
verify theoretical models. Current research trends move towards nano-structured materials and increasingly larger unit cells. High resolution experiments, ideally on single crystalline material, are required
to benchmark the modelling results. In the reference suite, the thermal chopper spectrometer and
bispectral chopper spectrometer are well suited for this work, providing high resolution data on the
full 4D phonon dispersion.
Solar cells and photovoltaics
Photovoltaic solar cells were originally developed for space applications in the 1950s and are now widely
used in consumer products, mounted on roofs of houses, and assembled into power stations. Photovoltaics
may well become a major source of clean electricity in the future. Given their low manufacturing cost,
organic polymer-based photovoltaics have begun to rival silicon-based cells. Current research aims to
improve the efficiency of converting sunlight into electricity for these polymer-based solar cells. Neutron
scattering is widely used in this field to characterise bulk structural properties of novel materials that have
enhanced efficiencies [11]. Neutrons are also successfully used to understand the morphology involved and
to study interfaces in thin-film blends or monitor time dependent composition [12]. Optimised performances
in organic photovoltaic devices depends on the structure of the active layer, in particular on a uniform
distribution of the active component [10]. Relevant instruments in the reference suite include the vertical
reflectometer for thin film investigations, as well as the thermal powder diffractometer, pulsed
monochromatic powder diffractometer and bispectral powder diffractometer for studies of bulk
crystallographic properties. With the high flux of the backscattering and chopper spectrometers it
would become feasible to tackle basic questions of molecular dynamics in organic photovoltaic devices and
relate those to their performance.

2.2.6

Engineering materials and geosciences

The deep material penetration of neutrons allows non-destructive investigations of inner structure, properties and processes locally within bulk materials and complex assemblies (e.g., multicomponent devices) with high precision and sensitivity. This penetration capability also makes
possible studies within complex sample environments that replicate realistic or extreme operating
and processing environments of the study materials, components and devices. These capabilities are of great importance in engineering science and geoscience research. The brightness of
the ESS neutron beam, combined with cutting edge instrumentation, and in conjunction with
complementary non-neutron-based methods, will facilitate previously unfeasible investigations of
materials and processes: ESS promises new understanding of the fundamental mechanisms that
drive earth processes and it also will facilitate the development of new materials and materialprocessing techniques to enhance material durability and reduce environmental impact.
The use of neutron scattering is widespread in engineering materials and geoscience research, ranging
from investigations with direct application in industrial research and development to analyses of geomaterials that further understanding of the fundamental processes of the planet. In such applications, the
deep penetration capability of neutrons is of primary importance, allowing scientists to carry out nondestructive investigations of inner structure, properties and processes locally within bulk materials and
complex assemblies (e.g., multi-component devices) with high precision and sensitivity. Furthermore, this
penetration capability makes possible studies with complex sample environments that replicate realistic
or extreme operating and processing environments of the study materials, components and devices. A key
feature common to many engineering and geoscience samples is that they are multi-component systems
with sensitivities to different, perhaps multiple, physical, chemical and thermal interactions, which is in
contrast to isolated and well defined samples used for fundamental studies; with this comes an associated
set of specific challenges.
The range of applications of neutron scattering in the fields of materials engineering and geosciences
studies is vast. The discussion here is restricted to a few key areas and challenges that the facility will be well
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equipped to address. The brightness of the neutron beam, combined with its cutting-edge instrumentation,
will allow researchers to investigate phenomena that at present can not be studied. Compared to neutron
scattering facilities currently in existence, ESS will enable researchers to analyse smaller samples than
could be visualised at earlier facilities, or to analyse large samples with higher spatial resolution, under
more extreme conditions, over shorter time scales (relevant for in situ, time dependent measurements) and
with higher accuracy .
Industrially relevant applications in this area include hydrogen storage and transport, fuel cell development (for both sustainable energy and transportation technology), cooling processes, soot sedimentation
(in relation to combustion processes), material development and processing for the nuclear industry and
other engineering applications, including construction material development (such as concrete and wood).
ESS instrumentation and high source power will, in particular, allow faster and more detailed process
monitoring and assessment and will provide valuable results for the optimisation of complex devices (e.g.,
fuel cells, cooling systems and glued interfaces). A key component of such research will be the possibility
to combine methods such as diffraction, SANS and imaging.
Relevant instruments in the reference suite include the multi-purpose imaging, general-purpose
polarised SANS and broadband small sample SANS instruments, the thermal, bispectral and
pulsed monochromatic powder diffractometers, the materials science and engineering diffractometer, the cold, bispectral and thermal chopper spectrometers, and the cold crystal-analyser,
vibrational and backscattering spectrometers.
Figure 3: 2.14
Engineering materials
Neutron scattering can provide information about the composition, phases, microstructure and stresses in
materials in ambient conditions and as functions of different external parameters. Examples of applications
in engineering materials science include alloy development, materials processing and joining technology.
Unique insight can be gained into the characteristics and behaviour of realistic engineering components used
in a host of contexts, from aircraft to power generation. Specific materials science diffraction methodologies
(like SPEED, the structure pulsed concept; or CEED the extreme environment concept), imaging capabilities and small angle scattering instrumentation, will make possible in situ studies of joining, processing
and deformation, as well as investigations of thermo-mechanical treatments, near-surface measurements
of the effects of surface treatments and combined macro- and micro-structural studies of components and
new materials.
Higher spatial resolution (down to the important sub-millimetre region) will enable further progress in
monitoring residual stress, including at high pressure and high temperatures, and for detecting interfacial
diffusion and reactions at interfaces in metals. High intensity will allow in situ real time experiments,
routine determination of 3D maps of stress and texture within real engineering components; tomographic
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images of machine parts under working conditions in real time and with structural sensitivity; and investigation of fast, time-dependent phenomena with isotope sensitivity. Many such investigations will be driven
by technological demands for advanced materials, such as novel transformation-induced plasticity steels or
precipitation-hardening alloys used in aerospace applications, such as aluminium and nickel super alloys.
Instruments in the reference suite that offer the possibility to study magnetic phenomena of engineering
relevance such as domain-structure design in transformer steels, include the multi-purpose imaging and
general-purpose polarized SANS instruments. In many areas, engineering and energy materials applications overlap, including, for example, the study of materials used in turbines and cars, an area in which
material optimisation could lead to higher efficiency and lower energy consumption. Figure 2.14 shows an
example of an engineering science application in which neutron residual stress measurements have been
performed in inertia-welded turbine discs. These measurements improve researchers’ understanding of the
stresses induced in manufacture, which could lead to improved fabrication processes.
Earth and environmental sciences
Neutron diffraction techniques are an important tool in geoscience research. They are used to make
measurements of structural changes in minerals at very high pressures and temperatures; to assess the
locations of light elements (in particular hydrogen) in complex structures; and to measure strain in polycrystalline aggregates under non-ambient (and extreme) conditions. ESS will provide advanced facilities
for the study of structure-property relationships in mineral phases, as well as for the study of the structure,
reactivity and physical properties of multi-component melts and fluids. The relevant instruments in the
reference suite are the thermal, bispectral and pulsed monochromatic powder diffractometers.
The extreme conditions instrument would make it possible to perform such studies under geological
conditions with in situ measurements, while the materials science and engineering diffractometer
would make possible highly detailed measurements of texture, anisotropy and stress in polymineralic rocks
such as the gneiss shown in Figure 2.15, contributing to understanding the evolution of the Earth. Neutron
spectroscopy can be employed to measure dynamic properties such as the small-scale mobility of water in a
system, as would be possible using the cold chopper, vibrational spectroscopy and backscattering
spectrometers, while neutron imaging permits characterisation of bulk samples or systems, including
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Figure 2.16: Top left: Neutron tomography scan of a titanosaur, showing a fairly articulated and complete
embryo. Top right: The relatively small spherical egg ranges from 87.1 mm to 91.1 mm in diameter, with
a maximum wall thickness, including the calcite crystal, of 8.6 mm. The embryo, visible here in a different
colour in the top left quadrant, is preserved within the thin calcite layer. Bottom left: View of the inside
of the egg with calcite crystals that grew inward from the egg outer rim. Bottom right: Part of the embryo
skeleton surface where the eggshell was naturally eroded. Six arrows point to the skull, vertebrae, sacrum,
humerus, femur, and tibia. Courtesy of Grellet and Tinner [163].
the movements of fluids and chemicals through them. The multi-purpose imaging instrument would
make possible 4D studies with unprecedentedly high resolution of, for example, water transport in rocks
and soils.
Imaging can also lead to new understanding of the evolution of life through 3D investigations of paleontological samples that are impenetrable by other non-destructive methods. In some cases, the contrast
between fossilised material and the surrounding minerals, and thus the inner structure of fossils, can only
be resolved by using the phase change of neutron waves. Figure 2.16 shows a complete and articulated
specimen of a titanosaur embryo in ovo, which is the first of its kind yet discovered and is hence too valuable for destructive testing. Neutron tomography permitted full 3D imaging of the embryo that provided
indisputable proof that lithostrotian titanosaurs were reproducing at the Aptian-Albian Algui Ulaan Tsav
in Mongolia.
Information made available through neutron measurements can further fundamental understanding of
the properties and processes in the Earth, and can further understanding of the origins of life. This information may be integrated into numerical simulations to clarify large-scale geologic phenomena such as
deep-focus earthquakes and volcanic activity, or to may help to develop responses to important societal
challenges, such as the transport and disposal of pollutants (for example, geologic carbon dioxide seques-
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tration) or fluid movement with relevance in agriculture (for example, root growth and water uptake).

Paleoclimatology and climate change
Paleoclimatology is the study of climate over long periods of time. Core samples from ice sheets contain
a wealth of information about past climate changes that could help to understand contemporary shortand long-term climate fluctuations, including global warming. Of particular interest in connection with
neutron scattering is the analysis of proton ordering in ice. Proton disorder can provide evidence about
an abundance of defects, and different defects give rise to different creep behaviour, with consequences
for the modelling of ice sheet dynamics that play a key role in the analysis of global climate change.
Whether ice can become partially proton ordered is subject to much debate. Neutron diffraction studies
have played an important role in this debate (see, for example, the discussion in Fortes [164]). However,
incoherent scattering from the hydrogen in ice limits standard neutron scattering investigations. The
pulsed monochromatic powder diffractometer in the reference suite would overcome such issues
by making possible time-of-flight measurements that would eliminate the dominant inelastic part of the
incoherent scattering in ice cores and other hydrogenous materials.

2.2.7

Archaeology and heritage conservation

Archaeological and cultural artefacts are generally one-of-a-kind objects from which information about human origins and cultural heritage may be gained. It is essential to be able to
study such irreplaceable objects non-destructively. A key strength of neutron techniques is the
ability to probe internal composition and structure through coatings and layers of corrosion,
reducing the need for potentially damaging cleaning and sample preparation. ESS will make
important contributions in these fields though the development of instruments capable of assessing interconnections between macroscopic and microscopic structures, without damaging
the sensitive samples. By exploiting the long pulse structure, simultaneous measurements that
combine the strengths of diffraction, SANS and imaging will allow investigations of artefacts
such as weapons and tools in three dimensions. These measurements will combine chemical and
structural sensitivities related to phase and texture revealing historic manufacturing techniques
and technological standards.
The ability of neutrons to non-destructively probe deeply into the interior of complex specimens is
valuable for determining the composition and structure of precious archaeological and cultural artefacts.
Neutrons penetrate coatings and layers of corrosion, reducing the need for potentially damaging cleaning or
sample preparation [166–169]. Wide fields-of-view and deep penetration make neutrons useful for studying
large artefacts. In addition, neutrons also have a special advantage in the investigation of wooden artefacts
(for which the material contrasts produced using other techniques are often small), and in the investigation
of artefacts containing both wood and other materials such as metal (in which the more absorbing material
often impedes imaging of the wood). For example, Figure 2.17 illustrates the use of neutron imaging for a
metal and wooden dagger sheath from Indonesia [165]. Neutron methods also contribute to understanding
artistic, cultural and ancient manufacturing techniques and methods used to create historical artefacts.
For example, an energy dispersive imaging approach allowed researchers to identify specific characteristics
related to forging methods that were used by different schools and traditions in Japan, in the construction
of Japanese swords from the Koto (987–1596) and Shinto (1596–1781) periods [170].
As it will do for the study of complex devices and processes for industry, ESS will develop instruments
capable of assessing interconnections between macroscopic and microscopic structures and features without
damaging sensitive samples that are of historical and cultural value. In such studies it will, for example,
be possible to perform simultaneous measurements that combine the strengths of diffraction, SANS and
imaging. The relevant instruments in the reference suite are the thermal powder diffractometer,
materials science and engineering diffractometer, and the general-purpose SANS and multipurpose imaging instruments. In addition, ESS will facilitate efficient time-of-flight tomographic
investigations of metallic artefacts such as weapons and tools, with a chemical and structural sensitivity
related to phase and texture.
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Figure 2.17: Non-destructive imaging of an Indonesian dagger sheath, illustrating how neutrons mitigate
the obscuring effects of the out metal cover on images of the inner wood parts. Top left: A photograph
of the dagger and the sheath, which has an outer metal cover (containing silver) and an inner wooden
structure. Top right: A neutron transmission (radiography) image. Bottom left and right: 3D renderings
of neutron and X-ray tomography data, respectively. Courtesy of E.H. Lehmann [165].

2.2.8

Fundamental and particle physics

Fundamental physics seeks to understand the “what” and the “how” of the universe. Even
slight deviations from the predictions of the Standard Model, which embodies our current state
of understanding of particle physics, would have important implications for both cosmology and
particle physics. Fundamental neutron physics offers high precision tests of this model. High
brightness and long pulses will allow a wide range of fundamental phenomena to be probed with
sensitivity superior to that which is possible at present.

Fundamental physics currently stands at the interface of particle physics with nuclear physics, astrophysics, and cosmology, as illustrated in Figure 2.18. For three decades, the Standard Model of particle
physics has successfully provided the framework for explaining phenomena involving three of the four
known forces of nature. However, there exist many reasons to believe that the Standard Model is not the
complete theory. Besides the high-energy frontier, there exists another frontier in the search for what is
called the New Standard Model – the high precision frontier. The pattern of deviations (or their absence)
that emerges from precision experiments is a “footprint” of new forces. The higher brightness and the
pulse structure of ESS provide new possibilities for fundamental neutron physics experiments. It will be
possible to investigate a wide range of fundamental phenomena with a sensitivity superior to that of previous experiments. A review of possible topics in which the gain factor over current facilities is expected to
be large can be found in articles by Rathsman and Sand [172,173]. The fundamental physics science topics
mentioned above are addressed by the fundamental and particle physics beamline in the reference
suite.
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Figure 2.18: Illustration of the structure and development of the universe in space (vertical direction) and
time (horizontal axis). The time axis is quasi-logarithmic. The diagram depicts the different phases of the
universe corresponding to the Standard Model of cosmology. Many features are strongly model-based and
lack experimental support. Also indicated is the role of measurements performed with neutrons and their
impact on supporting the present conception. Courtesy of S. Paul [171].

Neutron electric dipole moment and the origin of matter
The search for the neutron electric dipole moment is motivated by one of the outstanding puzzles at
the interface of particle physics with cosmology: Why is there more visible matter than antimatter in
the universe? The observation of a non-zero electric dipole moment of the neutron could signal the
presence of the CP-violating interactions needed to produce the early universe charge asymmetries [8,174].
CP violation is a violation of the postulated CP-symmetry – the combination of C-symmetry (charge
conjugation symmetry between particles and anti-particles) and P-symmetry (parity symmetry between
left and right). To date, only upper limits have been determined for the magnitude of the neutron electric
dipole moment, and for the electric dipole moments of other systems, such as neutral atoms, from which
it is possible to deduce an upper limit for the electron electric dipole moment. Since the origin of the CPviolation needed to explain the abundance of matter is not known, it is important to search for the electric
dipole moments of a variety of systems. Consequently, the neutron electric dipole moment program should
be viewed in the broader context of electric dipole moment searches as a whole. The current neutron
electric dipole moment limit is, nevertheless, compatible with predictions of supersymmetry, in particular,
“supersymmetric electroweak baryogenesis,” under the right conditions for the superpartner spectrum. It
would likely take future electric dipole moment searches with two orders of magnitude better sensitivity to
conclusively test this possibility [174]. Experiments underway at ILL, PSI, and SNS are working toward
this horizon. It may be that a future experiment at ESS, with its significantly higher neutron flux, could
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push the neutron electric dipole moment program across the finish line in the search for cosmologically
relevant CP-violation [175, 176].
Neutron decay
The neutron decay physics programme is rich and includes precision tests of the Standard Model and the
search for physics beyond the Standard Model. In contrast to the electric dipole moment experiments,
precise studies of neutron decay parameters, such as the neutron lifetime and decay correlation coefficients,
start off by measuring quantities that often are not suppressed in the Standard Model. In these cases,
the goal is to look for extremely small deviations from the non-zero Standard Model predictions that
could signal the presence of virtual new particles that were more active in the early universe. There is an
interplay between the level of experimental uncertainty and the ability to make precise predictions from the
Standard Model. To illustrate, consider tests of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix or “quark mixing matrix”, for which super-allowed nuclear β-decay provides the most input in
the guise of Vud . Vud is one of the elements of the CKM matrix, which is related to the probability that
a down quark decays into an up quark via the weak interaction. Combining the results of an extensive
programme of experimental lifetime, branching ratio, and Q-value measurements with recent progress
in computing hadronic contributions to Standard Model electroweak radiative corrections, one obtains a
value for Vud with a precision of a few times 10−4 [8, 9]. Looking to the future, if progress is made in
reducing the uncertainties associated with Vud , the limit in CKM unitarity tests may again be set by
Vud . In this respect, a programme of neutron decay studies that include a more precise determination
of the lifetime and one or more of the decay correlation coefficients, may provide a path forward [177].
The nuclear decay determinations of Vud are likely to reach an irreducible uncertainty associated with
nuclear structure corrections to the fit values. In addition, certain neutron decay correlations may provide
information about new interactions that do not have pure left- or right-handed character or exotic particles
such as leptoquarks.
Neutron-antineutron oscillations
An observation of neutron-antineutron oscillations would constitute a discovery of fundamental importance
for particle physics and cosmology. The required change in baryon number by 2 units with no change in
lepton number would signal physics beyond the Standard Model and could be relevant for understanding the
matter-antimatter asymmetry of the universe. Recent developments in cold neutron technology may make
possible improvements in sensitivity to the free neutron oscillation probability by factors of 100 to 1000.
One might reduce the transverse size of the beam (and therefore the cost of an ESS experiment) using a
phased supermirror reflector array. One issue that a search for neutron-antineutron oscillations addresses is
the ultimate stability of matter. In the Standard Model, there seem to be two globally-conserved quantum
numbers: baryon number B and lepton number L. Extensions to the Standard Model are not expected
to conserve either B or L, however, and baryon number violation leads to matter instability – there is
no longer an obvious physical principle that forbids nucleons from decaying into lighter particles. Proton
decay has never been seen: typical upper limits for the proton decay time range from 1032 to 1033 years.
If a neutron oscillates into an antineutron inside a nucleus, the antineutron annihilates and the nucleus
explodes. Again, this phenomenon has never been observed [178]. Standard Model extensions can lead
to B violation by 2 units and not 1 unit [179]. The improvements in sensitivity that could be reached by
an ESS experiment would extend the proton decay time upper limit towards the 1036 year range. A null
result would therefore place the most stringent existing limit on a possible decay mode for the “normal”
matter whose mass dominates our everyday world.
The neutron as a quantum wave
As massive particles, neutrons exhibit all quantum effects and can be harnessed to yield new insight into
the quantum world. Many neutron interference experiments have been performed with perfect crystal
interferometers and various Larmor interferometer methods [180–182]. Since several interpretations of
quantum physics are presently being considered [183,184], new experiments may determine whether a more
complete theory exists or can be formulated in the future. Questions about reality, locality and causality
can be tackled by neutron quantum optics methods. Experiments on entanglement, contextuality and
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quantum states of neutrons in the gravitational field are interesting topics for related experiments at ESS.
Many such experiments require ultra-cold neutrons, which can be efficiently produced at ESS.
Neutron bound beta decay
Neutron decay has been the subject of intense studies for many years, as it reveals detailed information
about the structure of the weak interaction [185]. Using the two-body neutron β-decay into a hydrogen
atom and an electron antineutrino, the hyperfine population of the emerging hydrogen atom can be investigated [186]. By investigating the spin states, beyond-Standard Model quantities can be accessed and
tested [187–190].

2.3

Design drivers for the instrument suite

Based on the analysis of the science drivers in the preceding section, a number of key instrument themes
have been identified, mapping the science drivers onto the inherent instrumentation advantages presented
by the long-pulse concept:
1. Flexibility. Many of the problems that ESS will address require the measurement of structures or
dynamics over several length or time scales. Being able to tailor the resolution and bandwidth of the
measurement to the sample behaviour is key. The long-pulse concept is inherently advantageous for
designing such flexibility into instrument performance. At long-pulse sources, the resolution is often
set by controlling the opening time of a pulse-shaping chopper, instead of hard-wiring the resolution
into the moderator line-shape as is done for instruments at a short-pulse source. The systematic use
of repetition-rate multiplication and wavelength-frame multiplication allows the full time-frame to
be used, while tailoring the bandwidth of the measurement to the requirements of each experiment.
2. Small sample volumes. ESS’s high flux is well suited for accessing small sample volumes, particularly when combined with the latest advances in focusing optics. By designing instruments to probe
smaller volumes than can be reached now, it will be possible to measure materials that are only
available in small quantities, which is often the case for newly-developed materials and for biological
and soft-matter systems for which the use of larger sample volumes can be prohibitively costly or
time-consuming. The ability to investigate smaller volumes will also make it possible to scan for
local variations across larger samples, for example when measuring systems under flow, and to reach
more extreme conditions using complex sample environments, such as high pressure or high magnetic
fields.
3. Cold and bispectral neutron beams. Cold neutrons are required to elucidate the structures and
dynamics of biological and soft-matter systems, and of many types and aspects of hard condensed
matter, as well. ESS’s source brightness and time structure are particularly well suited to cold
neutrons, providing high flux and a wide dynamic range. The dynamic range is especially important
for hierarchical systems and other systems that need to be covered over multiple length or time scales.
Instruments using a bispectral extraction system will be able to access an unprecedented dynamic
range. The spectral brightness of thermal neutrons will also be world-leading.
4. Polarised neutrons. The inherent strengths of neutrons in being able to see hydrogen atoms and
magnetism can be significantly enhanced by manipulating the neutron spin. This has applications
throughout biology, soft matter, chemistry and physics. The use of polarised beams and polarisation
analysis allows the unambiguous separation of structural, magnetic and incoherent scattering contributions. ESS’s high brightness will greatly enhance the feasibility of this inherently flux-demanding
technique.
Instruments optimised for a long-pulse neutron source are in many ways intermediate between those
on a short-pulse source and those on a continuous source. Short-pulse instruments benefit from the high
peak brightness of the short pulse, but are constrained by the need to match their requirements to the
time-widths imposed by the choice of moderator. Time-of-flight instruments at continuous sources offer
complete freedom to choose their time structures using chopper systems, but make it necessary to live with
the inherently lower peak brightness imposed by their sources. A comparison of the peak brightnesses of
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Figure 2.19: Single-pulse source brightness as a function of time at a wavelength of 5 Å at ESS, ILL,
SNS, J-PARC and ISIS target stations 1 and 2. In each case, the cold moderator with the highest peak
brightness is shown.

the world’s leading neutron facilities is made in Figure 2.19. The peak brightness at ESS will be higher
than that of any of the short pulse sources, and will be more than an order of magnitude higher than that
of the world’s leading continuous source. The time-integrated brightness at ESS will also be one to two
orders of magnitude larger than is the case at today’s leading pulsed sources.
The designs of instruments at ESS will be less limited by the time-structure of their long-pulse source
than are instruments at short-pulse sources. They will benefit from a substantially higher peak brightness,
combined with a time-average brightness which is much higher than that at any short-pulse source, while
retaining much of the flexibility of continuous-source instruments.
Many of the instruments will be substantially longer than their counterparts at short-pulse sources.
The underlying reason is the requirement for good wavelength resolution; the pulse length at the source
represents the uncertainty in the emission time of the neutrons, which can be reduced compared to their
time-of-flight by making the instrument longer. However, the instrument length also directly affects the
bandwidth; that is, the longest wavelength that can be measured from a particular source pulse before it
overlaps in time with the shortest wavelength emitted from the following pulse. Pulse-shaping choppers
are an alternative method of improving wavelength resolution. Placed close to the source, they effectively
reduce the pulse length, and hence the resolution, without making it necessary to increase instrument
length. A large part of the optimisation of the instrument suite consists of balancing resolution and
bandwidth considerations through appropriate combinations of instrument lengths and chopper systems.

2.3.1

White-beam instruments

The majority of the instruments at ESS will use a substantial part of the full white beam. Their bandwidth
will be limited by their length and choice of pulse suppression, and it will be possible to tailor their
resolution using a pulse-shaping chopper. They fall into two categories – large pulse width and small pulse
width – depending on the required pulse width compared to the intrinsic length, τ = 2.86 ms, of the
neutron pulse.
Full pulse width ' τ
SANS, spin-echo, macromolecular crystallography, and particle physics: There are seven instruments in
this category in the ESS reference suite, all of which are well suited to the long-pulse time structure.
They can use the full ESS pulse width and thus benefit from the high peak and time-average brightness.
The ESS instruments will significantly outperform equivalent present-day instruments, due to the often
unnecessarily good wavelength resolution of those instruments at contemporary short-pulse sources, and
to the inherently lower peak brightness available to instruments at continuous sources.
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Figure 2.20: Time-distance diagrams for white-beam instruments. Top: An instrument with a pulseshaping chopper, where τ and T are the source pulse width and repetition period, and L1 and L2 are the
source-to-chopper and chopper-to-detector distances. The figure shows the “natural” length that fully fills
the time frame without wavelength-frame multiplication for an instrument with a pulse-shaping chopper.
Bottom: An instrument with a pulse-shaping chopper and triple wavelength-frame multiplication.

Flexible pulse width < τ

Single-crystal and powder diffraction, crystal-analyser spectroscopy, reflectometers, backscattering, imaging: This will be the largest group of instruments at ESS, and so 11 of the 22 instruments selected for the
reference suite fall into this category. These instruments employ a pulse-shaping chopper to reduce the
length of the source pulse in order to achieve the required wavelength resolution. This makes them intrinsically very flexible, as it is possible to make them gain flux by relaxing resolution when appropriate. The
pulse-shaping chopper is placed as close to the source as possible, which at ESS will be at the edge of the
target monolith, at 6 m from the moderator. It can be seen from Figure 2.20 (top) that the pulse-shaping
chopper, in addition to improving the resolution, also has the effect of reducing the bandwidth. When the
instrument length after the chopper reaches 150 m, this bandwidth is sufficient to fill the full time frame
(T ) between adjacent pulses. The instrument length of 156 m is therefore considered the “natural” length
for an instrument with a pulse-shaping chopper, which is achieved when L1 /τ = L2 /T , where L1 and L2
are the source-to-chopper and chopper-to-detector distances, respectively. Instruments shorter than the
natural length require wavelength-frame multiplication (WFM) in order to fill the time-frame, as shown
in the bottom panel of Figure 2.20 for an instrument that is one third of the natural length. Detailed
WFM calculations have demonstrated the feasibility of the method in simulations. Test experiments and
prototyping are well under way at the time of writing.
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Figure 2.21: Time-distance diagram of a 25 m chopper spectrometer, using 4-fold repetition-rate multiplication (RRM) to cover incident energies from 1 to 20 meV in a single measurement.

2.3.2

Monochromatic instruments

There are three chopper spectrometers in the reference suite, ranging in length from 25 m to 156 m.
These instruments will employ repetition-rate multiplication (RRM) in order to make full use of the
long repetition period of ESS, as illustrated in Figure 2.21. The figure illustrates the need for using
different frame lengths for each of the individual neutron energies selected in the incident beam. Several
different chopper schemes for RRM have been identified that can achieve this effect, and whose study and
optimisation are in process. In general, it is clear that both short and long instruments will be able to
perform survey measurements using RRM, covering several orders of magnitude in energy scales in a single
measurement, while the longer instruments will also be able to select smaller ranges of incident energy to
provide very high counting rates over a smaller Q-energy area.
Only one instrument in the reference suite uses a crystal monochromator: The pulsed monochromatic powder diffractometer. This type of instrument is envisaged to function in a similar manner to
analogous instruments at continuous sources. However, the ESS time structure allows several new modes
of operation: Using the higher orders from the monochromator to provide separate data sets, similarly to
what is done with RRM; separating elastic from incoherent-inelastic scattering from hydrogenous samples
by time-of-flight; or performing ms-resolution stroboscopic or kinetic measurements which would make use
of the very high flux on the sample for the duration of the pulse.

2.3.3

Neutron optics and transport

Considerable effort is going into the development of novel concepts for optimising the long-pulse performance, while ensuring the appropriate balance between novelty and low risk. Particular emphasis is being
placed on studying chopper systems for RRM and WFM, as described in the previous two sub-sections,
and also on optimising the performance of the many long guides which will be required. The work is still
on-going, but it is already clear that the feasibility of transporting neutrons over very long distances is
limited essentially by the cost of the guides and shielding, rather than by any fundamental or technical
problem. Cold and thermal neutron guides on the order of 100 m already exist at today’s reactor and
spallation sources, and recent simulation work has shown that guides as long as 300 m can deliver almost perfect brightness transfer up to the sample for realistic beam divergences of both thermal and cold
neutrons [191].
Many of the instruments employ an “eye-of-the-needle” concept for beam extraction, in which the
relatively large area (12 cm × 12 cm) of the moderator is viewed through a small aperture at the edge of
the target monolith 6 m away. When more divergence is required than such a setup can allow, a focusing
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in-pile guide section is used, commonly referred to as a “feeder” section. There are several advantages to
such a setup:
1. Lower fast-neutron background. The solid-angle acceptance for high-energy neutrons which
might otherwise contribute to the background on the instrument is greatly reduced.
2. Improved resolution and flux. Instruments that use a pulse-shaping chopper should place it at
the position of minimum beam size in order to reduce the sweep time across the beam, thus allowing
shorter opening times, which in turn make it possible to reach higher resolution and allow for a more
rectangular opening function, which provides a considerably higher flux than the typical triangular
opening functions obtained when the sweep time is similar to the opening time.
3. Improved Q-resolution and slow-neutron background. By an appropriate choice of guide
geometry, such as a single or two sequential ellipses, it is possible to image the beam profile and
divergence at the target monolith exit on the sample. This results in a very uniform beam distribution
at the sample, both in space and divergence, with clear benefits for Q-resolution. It also minimises
the halo around the beam, which can be an additional source of background.
Further enhancement of the signal over noise will be achieved by designing-in suppression of fast neutrons and other sources of background, using a combination of shielding, heavy choppers and various types
of kinked and curved guides. The count rates, spatial resolution, area coverage, efficiency and availability
of neutron detectors are also the subject of intense study and R&D. Technical aspects associated with all
the neutron technology components required for the various instruments are addressed in Section 2.7.

2.4

The reference instrument suite

A total of 22 public instruments will be built at ESS to serve the neutron user community, with the
initial seven instruments coming online in 2019, and the full suite operational by 2025. To deliver the
required instrument designs, around 40 instrument concepts are currently in various stages of design by
ESS scientists and scientific partners around Europe. From among these concepts, a reference suite of 22
instruments has been assembled here to showcase ESS capabilities and to serve as a basis for the costing
and planning of the facility. The selection of instruments in the reference suite focuses on the natural
strengths of the long-pulse concept in order to maximise scientific output, while addressing a broad science
base and employing state-of-the-art instrument techniques. The reference suite is not identical with the
instruments that ultimately will be built.
Selection of instruments
The choice of instruments to build will take place as an ongoing process in which a number of concepts
are selected every year, starting in 2013. This staged approach will allow ESS to remain engaged with the
European neutron community and to choose instrument designs that are state-of-the-art and scientifically
relevant when they enter user operation. As mentioned above, about 40 instrument concepts are currently
under study. Other conceptual studies will be added as ideas and resources progress. As each conceptual
study reaches a sufficient level of maturity, a proposal will be submitted for its construction. The proposals
will be evaluated each year by review panels which will make recommendations for construction to ESS
management. The evaluation criteria are scientific impact, user base and demand, instrument performance,
strategy and uniqueness, technical maturity and costing. It is important to stress that the instruments that
will be built have not yet been chosen. The reference suite described here does not, and cannot, represent
the precise instrument suite that actually will be built, as the process for selection of instruments will run
over several years and has only just begun.
Presentation of the reference suite
The instruments of the reference suite are presented in this and the following section. They can be
categorised by instrument class, with the coverage of length- and time-scales accessed by each instrument
class shown in Figure 2.1. A selection of the scientific areas addressed by the various instrument types is
indicated in the plot, illustrating the mapping between scientific needs and instrumental capabilities. Also
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shown are the analogous areas for selected complementary techniques, such as microscopy and synchrotron
x-ray scattering.
Neutron imaging
Neutron imaging is a real-space technique examining the inner structure of potentially highly complex
components by looking at the transmitted beam. The multi-purpose imaging beamline pushes spatial
resolutions down to the micron range thanks to the high brightness of ESS, coupled with ongoing advances
in detector technology. The pulsed nature of the source will give access to wavelength-resolved information, yielding a qualitative informational advance over the state-of-the-art today. The instrument offers its
users a variety of imaging techniques for the characterisation of objects, covering cultural heritage, energy
materials, magnetic phenomena and fuel cells as well as inspection of engineering components. Different
imaging techniques, from traditional attenuation-based imaging to advanced dark field or Bragg edge imaging, are available with unprecedented efficiency and detail. The instrument concept takes full advantage
Figure 7: 2.22
of the flexibility made possible by the ESS time structure, allowing wavelength resolution, bandwidth and
collimation to be tuned for each application.
Small angle neutron scattering

Neutrons [1/s/Å−1 ]

Small angle neutron scattering (SANS) provides access to the largest length scales possible with neutron
scattering. SANS instruments are white-beam instruments requiring a large pulse-width, as described
in Section 2.3.1, and so are perfectly adapted to the long-pulse ESS time structure. As an illustration,
Figure 2.22 shows a comparison between a SANS instrument adapted to the ESS source and a present-day
world-leading SANS instrument. Not only is the counting rate for the ESS instrument higher by an order
of magnitude, but the Q-range covered in a single measurement is also an order of magnitude greater.
There are three SANS instruments in the reference suite. The general-purpose polarized SANS
instrument simultaneously covers the Q-range of current conventional SANS instruments, 10−3 Å−1 to
0.1 Å−1 , using multiple detector banks. It is particularly powerful when high resolution is needed, and for
industrial processes requiring bulky sample environment. The instrument will have flexible resolution and
bandwidth and will make available the option of reaching very low Q, possibly using specialised optics for
accessing the very-small-angle regime. The broadband small sample SANS instrument is a shorter
instrument and covers a very large Q-range in a single measurement. It is a lower-resolution instrument
optimised for very high counting rates and smaller samples. The key science areas are in soft matter and
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Figure 2.22: A comparison of the count rate obtained
as 2.22
a function of Q on a SANS instrument at ESS and
Figure 8:
on a world-leading SANS instrument at a continuous source. The curves were generated using simulations
of isotropic scattering from 1 mm of water. Using the entire long pulse and cold spectrum, SANS at the
ESS gains as neutrons of all wavelengths contribute to scattering at all Q values, whereas at a continuous
source a narrow wavelength band must be selected using a velocity selector.
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biology. The high counting rate will also make it a very powerful instrument for parametric studies, e.g.
temperature, electric and magnetic fields, and pH. While the SANS community today is primarily focused
on bulk samples, it is expected that the high source brightness of ESS will allow many of these studies to
be extended to surface structures. The surface scattering instrument will probe the lateral topology
of surfaces with a controlled penetration depth. By adjusting the incident angle of the beam, it will be
possible to measure the structure of horizontal sample surfaces, opening grazing-incidence SANS to the
study of free liquid interfaces, an area which is only just beginning to be explored at existing facilities.
Neutron reflectometry
Neutron reflectometry is used to probe the structure of surfaces and interfaces in the Å to micron range.
The horizontal reflectometer uses an inclined beam to measure horizontal surfaces, particularly liquidair interfaces, covering the full Q-range of interest without moving the sample. The instrument is optimised
for very fast measurements with moderate resolution, with particular applications for kinetics of structural
changes in biological systems and soft matter. The vertical reflectometer is a versatile instrument for
measuring solid interfaces with high resolution and on small samples. It employs a novel double-elliptical
mirror setup which allows flexible tailoring of the beam divergence to the resolution and background
requirements of the samples. The beam size can be adapted to the measurement of mm-sized samples
which are inaccessible on current instruments.
Powder diffraction
Powder diffraction is covered by five instruments in the reference suite. ESS’s unique pulse structure
makes possible a very wide dynamic range, while the inherent long-pulse flexibility allows the resolution
to be tuned to the requirements of each experiment by adjusting the opening time of the pulse-shaping
chopper. This capability is illustrated in Figure 2.23, which shows the resolution and intensity of a range

Figure 2.23: Performance of powder diffractometers at leading large-scale facilities (adapted from
Kamiyama [192]) with the expected performance of reference suite diffractometers marked as blue pentagons with extended arrows to illustrate the count rate/resolution flexibility afforded by tuning the pulse
width for the time-of-flight diffractometers, or the monochromator takeoff angle for the pulsed monochromatic diffractometer. The instruments in the area labelled “New Instruments” are currently in various
stages of commissioning and have not yet reached the performance shown here.
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of neutron powder diffractometers at leading large-scale facilities around the world. The performance of
current instruments and their specialisation for high flux or high resolution are shown by various symbols,
while continuous lines show how instrument performance can be selected depending on the needs of the
experiment, for four of the five powder diffractometers in the reference suite. (The extreme conditions
instrument is not shown.) The reference suite instruments match the projected best performance of today’s
new instruments, though there are limitations in comparison to short-pulse sources at large Q, which do
not appear in such a figure.
The thermal powder diffractometer covers the core crystallography and in situ processing science
case for thermal neutrons up to a Qmax of around 25 Å−1 . The pulse-shaping chopper allows the wavelength
resolution to be matched to experimental requirements over a very wide range, in the best case achieving
a resolution of < 0.01%. The bispectral powder diffractometer can access longer wavelengths and
hence, larger d-spacings in backscattering. It is well suited for powder magnetic structure determination,
larger unit cell powder crystallography and in situ experiments in the intermediate Q range (Qmax <
13 Å−1 ). The pulsed monochromatic powder diffractometer is a high-throughput instrument for
in situ chemical processing, crystallography, pole figures, high time-resolution kinetics and hydrogencontaining materials, with the option for variable resolution inelastic scattering mapping. It uses a set of
crystal monochromators with access to a wide range of takeoff angles to tune the accessible Q range, flux
and instrument resolution. The materials science & engineering diffractometer allows users to study
mechanical and micro-structural properties, texture, phase transformations and kinetics in engineering and
functional/smart materials. Dedicated sample environments allow a wide range of conditions to be probed.
Structural studies include the determination of residual stresses in engineering materials and components,
an important area in welding and joining R&D. The extreme conditions instrument is built around
bulky, complex sample environments (high pressure, high magnetic field) and the limitations that imposes
on detector coverage and geometry. It is a multi-role instrument to perform diffraction, spectroscopy,
SANS and imaging experiments. For all the diffraction instruments, the resolution and bandwidth can be
tailored to each application.
Single-crystal diffraction
Single-crystal diffraction is required for solving complex or large unit cell structures and profits largely
from the the ESS long pulse structure. The single-crystal magnetism diffractometer has a polarised
incoming beam with optional full polarisation analysis. It is optimised for the determination of complex
magnetic structures, spin density distributions, local susceptibility measurements and diffuse scattering.
The macromolecular diffractometer is dedicated to biological crystallography and is optimised for
sub-millimetre single-crystal samples with large unit cells. The flux increase made possible by the use of
the full pulse allows the study of systems such as membrane proteins which currently cannot be addressed
with neutrons. The objective is to bring neutrons into the mainstream of protein crystallography, currently
addressed almost exclusively by synchrotron light sources.
Time-of-flight and crystal spectroscopy
Time-of-flight and crystal spectroscopy is carried out by two types of instruments: Chopper spectrometers
and crystal-analyser instruments. There are three chopper spectrometers in the reference suite which are
designed for optimised RRM for all experiments, as described in Section 2.3.2, using sophisticated multiplexing chopper systems. The range of incident energies for these types of instruments will be adapted to
the range of time scales that need to be covered, while the spacing between adjacent incident energies will
be adjusted to cover the width of the inelastic scattering. Due to the very high ESS peak brightness, the
flux of each individual wavelength frame incident on the sample will be significantly higher than on today’s
world-leading chopper spectrometers. The additional pulses arising from the RRM system will bring the
total flux on the sample up to more than an order of magnitude greater than what is possible today while
simultaneously probing a far larger dynamic range in both Q and energy. The cold chopper spectrometer is specialised for cold neutrons and the measurement of single-crystal samples. It is optimised for low
background and high resolution and is thus ideally suited for probing weak signals and collective excitations.
The bispectral chopper spectrometer provides a one-shot measuring technique for covering dynamics
over a very wide simultaneous energy range of 0.1 − 100 meV. It is a wide-mapping instrument optimised
for quasi-elastic scattering on small samples, allowing more than three orders of magnitude in fluctuation
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times to be covered in a single measurement. The thermal chopper spectrometer is a high-resolution,
narrow-bandwidth instrument for fast dynamics. It allows incident energies up to 150 meV with flexible
resolution both in energy and Q. The beam optics are tunable, allowing efficient focusing for small samples
as well high Q-resolution single-crystal measurements. The cold crystal-analyser spectrometer uses
graphite crystals to cover a quasi-continuous range of scattering angles in the horizontal plane. This a
high-flux instrument, particularly well suited for measuring samples in constrained horizontal geometries
that are imposed by high-field or high-pressure sample environment. The instrument for vibrational
spectroscopy will have variable resolution to allow measurements up to 300 meV, with a variable energy
resolution down to 2% with very little energy-dependence. The instrument characteristics are well suited
to the mapping of molecular vibrational modes and collective excitations of hydrogenated materials in
heterogeneous catalysis, energy storage systems and hydrogen-bonded scaffolds in pharmaceuticals.
Backscattering
The backscattering spectrometer provides access to a unique combination of high energy resolution,
intermediate Q, and large dynamic range. It uses Si 111 and Si 311 analyser crystals arranged in nearbackscattering geometry, and the flexible chopper cascade is matched to the source time structure to allow a
continuous variation of the energy resolution between 2 µeV and 300 µeV together with a variable dynamic
range down to about 1 meV. ESS’s low repetition rate provides the instrument with an unparallelled
dynamic range that is perfectly suited for studies of localised relaxational atomic motions with overlapping
collective long-range motions, as well as quantum-mechanical tunnelling. It addresses all disciplines of
condensed matter from physics to chemistry and biology via soft matter and energy materials.
Spin-echo spectroscopy
Spin-echo spectroscopy reaches the longest time scales accessible with neutrons, allowing the measurement of polymer and protein dynamics, membrane fluctuations, confined liquids, micro-emulsions and
magnetism. This type of instrument will accept the full pulse width of ESS, giving rise to a very large improvement in performance compared to the best instruments available today. The high-resolution spin
echo spectrometer provides the highest energy resolution available in the reference suite. It measures
dynamics, predominantly of large-scale structures, with fluctuation times of up to 1 µs, covering a dynamic
range of six decades. The wide-angle spin echo spectrometer provides the bridge in fluctuation times
between the backscattering and cold chopper spectrometers at one end, and high-resolution spin-echo
spectrometers at the other. By covering a large range of Q, it is able to probe nanosecond fluctuations
over many length-scales simultaneously, while the large solid-angle coverage of the analysers and detectors
provides a counting rate two orders of magnitude higher than any comparable instrument today.
Particle physics
Particle physics is covered by the fundamental and particle physics beamline, which addresses precision tests of the Standard Model, and searches for new interactions and symmetries. The range of
Standard Model tests and searches that such a beamline could competitively address is wide. Therefore,
the instrument is designed to be highly configurable, analogous to similar beamlines at current sources.

2.4.1

A balanced reference suite

Table 2.1 provides an overview of the reference suite instruments, including instrument lengths and the
main science drivers relevant to each instrument. The reference suite has been chosen to cover a broad range
of science, as well as a broad range of instrument types and degrees of specialisation and complexity. Some
instruments have a narrowly focused science case, while others address a diverse user community. Some are
workhorse instruments, which will have very high throughput and a limited degree of configurability, while
others will need to be configured specifically for each experiment, requiring strong scientific collaborations
between users and ESS scientific staff. In all cases, the instruments will be accessible by both non-expert
and expert users, placing strong requirements on beam access, staff quality and software.
Instrument length is a key performance driver, determining constraints on bandwidth and resolution.
It also drives the instrument layout on the ESS site, which is shown in Figure 2.24 at the beginning of
Section 2.5. Due to the design of the moderator-reflector assembly and the beam extraction within the
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Instrument name

Multi-purpose imaging
General-purpose polarized SANS
Broadband small sample SANS
Surface scattering
Horizontal reflectometer
Vertical reflectometer
Thermal powder diffractometer
Bispectral powder diffractometer
Pulsed monochromatic powder diffractometer
Materials science & engineering diffractometer
Extreme conditions instrument
Single-crystal magnetism diffractometer
Macromolecular diffractometer
Cold chopper spectrometer
Bispectral chopper spectrometer
Thermal chopper spectrometer
Cold crystal-analyser spectrometer
Vibrational spectroscopy
Backscattering spectrometer
High-resolution spin echo
Wide-angle spin echo
Fundamental & particle physics

Moderator
to sample
distance
[m]

Sample to
detectors
distance
[m]

50
30
20
30
27
52
156
75
46+4
156
156
156
156
156
25
156
156
60
156
30
50
70

10
20
10
15
3
6
2
1.5
2.5
2
4
1
1
4
4
6
3
1
5
5
3.5
30

Science drivers

LIF, SOF, MAG, ENG
MAG, SOF, CHE, NRG
SOF, LIF
SOF, LIF, CHE, MAG
SOF, LIF, CHE
MAG, CHE, NRG, SOF
CHE, NRG, ENG, MAG
MAG, CHE, NRG, ENG
CHE, NRG, MAG
ENG, CHE
ENG, MAG, CHE
MAG, CHE
LIF
LIF, CHE, MAG
LIF, SOF, CHE, MAG
CHE, NRG, MAG
CHE, NRG, MAG, ENG
CHE, NRG, MAG
LIF, SOF, CHE
LIF, SOF, CHE, NRG
NRG, MAG, LIF, SOF
FUN

Table 2.1: Instrument names and lengths, as shown in Figure 2.24. For the pulsed monochromatic powder
diffractometer, the first distance is shown as a two-term sum, indicating the distance from the moderator
to the monochromator and then to the sample. The science drivers for each instrument are listed in order
of decreasing importance. The acronyms are as follows. LIF: Life science, SOF: Soft condensed matter,
CHE: Chemistry of materials, NRG: Energy research, MAG: Magnetism and superconductivity, ENG:
Engineering materials and geosciences, ARC: Archaeology and heritage conservation, FUN: Fundamental
and particle physics.
target monolith, all beamlines have the freedom to view either a cold or a thermal source, or a combination
of the two. All beamlines also will view roughly the same time structure, as the long-pulse time structure
of the proton beam means that there is no need for decoupled or poisoned moderators, such as are used
at short-pulse sources. The choice of beam port for each instrument is therefore primarily driven by
operational convenience and the desire to save cost, with little or no compromise on performance.
The nine instruments in the reference suite which are 156 m long are housed together in the west
experimental hall, where they can comfortably be accommodated next to each other with 5◦ of beamline
separation. Instruments between 50 m and 80 m long are in the south experimental hall, while the short
(< 50m) instruments are arranged in two sectors – one each in the north and east experimental halls
– that are adjacent to the incoming proton beam, where the fast-neutron background is expected to be
the lowest. The distribution of instruments in the north and east halls has been determined first by the
need to allow them sufficient lateral space for shielding and convenient operation (as has been done for
all the instruments), and then by the need to separate the spin-echo spectrometers from instruments that
are likely to need large superconducting magnets for their sample environment. The floor of the hall in
the north sector, where the spin-echo and non-magnetic instruments are housed, has also been made 1 m
lower than that of the other halls, in order to provide a magnetically cleaner environment for the spin-echo
instruments. The grey area around the target monolith in Figure 2.24 shows the common bunker in which
the first sections of the guides outside the target monolith are housed. This allows for an effective shielding
assembly enclosing the guides, choppers and optical elements near the monolith.
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Catalogue: The reference suite

This catalogue presents the 22-instrument reference suite. Its layout is shown in Figure 2.24, while the
instrument names and lengths are summarised in Table 2.1. The reference suite has been assembled to
showcase the scientific and technical capabilities that ESS is expected to have, and also to provide a basis
for costing and planning the facility. It does not represent the precise instrument suite that will actually
be built, since the process of choosing those instruments has only just started at the time of writing and
will continue until 2020. The reference instrument suite is discussed at length in Section 2.4.

Figure 2.24: Neutron beamline and instrument layout of the reference instrument suite.
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Multi-Purpose Imaging
Fuel cells
Battery materials
Nano-composite materials
Engineering materials
Macroscopic magnetism
Biological organisms
Food science
Geosciences
Archeology
Heritage conservation

A unique instrument that combines imaging with reciprocal space
techniques in a novel way. It represents a versatile instrument concept
using high-resolution attenuation-based imaging as well as time-offlight neutron imaging techniques with novel capabilities based on
spatially resolved scattering effects. The variable choice of wavelength
resolutions between 0.3% and 10% over tunable wavelength bands
combined with polarization analysis opens up the possibility of highly
efficient polarized-neutron and Bragg-diffraction imaging as well as
dark-field imaging options. The instrument is also capable of spatially
resolved SANS investigations.

Instrument Description
The unique source characteristics of ESS allow the instrument to be optimized for a large variety of neutron imaging techniques with high efficiency. The high source brightness, a bi-spectral extraction and an
optimized neutron guide system enable not only high resolution and high-speed attenuation contrast imaging, but also permit the user to take advantage of corresponding energy-selective measurements increasing
e.g. sensitivity. The length of the instrument, chosen to 60 m to the detector, provides sufficient wavelength resolution for efficient time-of-flight dark-field contrast imaging. This corresponds to measuring
small-angle scattering where the spatial resolution is determined by beam modulation techniques. Other
imaging modes profit from the potential to tune the time-of-flight resolution from 1% down to 0.3% with
a wavelength frame multiplication chopper system. It features an optically blind, pulse shaping, double
chopper system. In this system the variable distance of the disks, operated such that the closing of the
first disk coincides with the opening of the second disk, defines the wavelength resolution at the detector.
Both the separation of the wavelength frames (bands) as well as the choice of the wavelength band with or
without pulse suppression require additional choppers. The corresponding wavelength resolution provides
efficient polarized neutron imaging or Bragg edge studies. The prompt pulse background is avoided by a
T0 chopper at 9m from the moderator.
Polarized neutron imaging is based on keeping track of the neutron polarization as it passes through
a magnetic field, and can be used for quantitative investigations of magnetic fields and structures with
spatial resolution. Bragg edges are steps in the transmitted total cross section deriving from coherent elastic
(Bragg) scattering. Measuring the Bragg edge pattern in the transmitted spectrum with 1% and 0.3%
wavelength resolution can be utilised to map crystalline phases or texture and lattice strains, somewhat
akin to conventional diffraction.
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The integrated flux and beam homogeneity, e.g. for white beam imaging, is comparable to the source
brightness at the highest flux continuous sources. Consequently this can provide orders of magnitude
gains for all wavelength-resolved techniques when compared to the most productive and world-leading
imaging facilities today. Just as in conventional imaging instruments, a variable pinhole D at a variable
distance L (up to 13m) upstream, combined with a variable detector systems allows the tailoring of the
collimation ratio L/D to the spatial resolution and flux requirements of specific measurements. At a typical
L/D ratio of 500, the flux using the full pulse will be approximately 108 n/cm2 /s, and when shaping the
pulse to achieve a wavelength resolution of 1%, the instrument will deliver a flux of the order of 107 n/cm2 /s
at the sample position, outperforming currently world-leading instruments by orders of magnitude.

A comprehensive wavelength frame
multiplication chopper system allows to tune
the wavelength resolution and to suppress
every other pulse if required to enable a large
variety of measurements with maximum
efficiency.

Novel TOF imaging methods like Bragg edge
and dark-field imaging allow for extending the
range of applications significantly and into
Q-space, i.e. beyond direct spatial resolution.

Instrument Parameters
Moderator
Moderator to sample distance
Methods and Add-Ons
Mode 1: Bandwidth
Mode 1: Wavelength range
Mode 1: Wavelength Res.
Mode 2: Bandwidth
Mode 2: Wavelength range
Mode 2: Wavelength Res.
Collimation ratios L/D
Max Field of view

cold/thermal bispectral extraction
variable: 50-60m
White beam attenuation, Bragg edge transmission
Dark-Field Imaging (add-on), Polarization Analysis
4.8Å/10Å(at 14Hz/7Hz depending on pulse suppression)
1-20Å
<10%
4.6Å/9.6Å ( at 14Hz/7Hz)
1-9.6Å
0.3% -1%
40-4000
25 × 25cm2
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General-Purpose Polarized SANS

General-Purpose Polarized SANS

Polymers
Magnetic Nanoparticles
Superconductivity
Nano-composite materials
In-situ processing
Drug delivery systems
Gas storage materials
Engineering materials

This SANS instrument incorporates a very flexible sample space,
flexible optics, a polarized neutron beam and polarization analysis.
The length of the instrument means that it will have good Q resolution across the whole Q range enabling the study of materials with
correlated structures such as concentrated colloids. Combining the
good resolution with polarized neutrons and space for magnets will
make this instrument particularly well suited to hard condensed matter studies such as flux line lattice measurements.

Instrument Description
The instrument begins 2m from the moderator with a 5 m long curved guide with a radius of curvature
of 200 m. This is followed by a 1m polarizing cavity and space for a spin flipper. The first collimation
section of 8 m contains removable guide sections and is narrow to fit into the space available and allow for
the necessary shielding. The second collimation section of 12 m is wider, allowing space for installation of
optical components in addition to guides such as focussing optics for accessing even lower Q, or spin-echo
modulation coils.
Bandwidth selection and frame-overlap suppression is achieved by a series choppers which will also allow
for operation of the instrument at 7 Hz, thus doubling the available bandwidth from 6 Å to 12 Å
The sample position can accommodate equipment with a footprint of up to 2.5 m × 2.5 m allowing the
use of large cryo-magnets, industrial processing equipment and 3 He polarisation analysis cells.
The detectors are arranged with a front ”picture frame” detector of 2 m × 2 m and a rear high resolution
area detector, both on moveable carriages. The use of multiple detector banks provides good simultaneous
Q range and their movability allows optimised use of the good Q resolution of this instrument.
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Optimisation of instrument length using a flat
scatterer. A 20 m collimation length provides
the best balance of flux and minimum Q.

Through the use of a polarised neutron beam and
a 3 He analyser after the sample, it is possible to
separate the magnetic scattering from the nuclear
scattering and furthermore to analyse the magnetic
scattering parallel and perpendicular to the applied
field. This allows studies such as shown here examining the magnetic structure of magnetite nanoparticles [193]. A core-shell magnetic structure was determined (green fit in figure), with canted spins at
the surface, despite the nanoparticles being chemically uniform. The General-Purpose Polarized SANS
instrument, having high flux and good Q resolution,
will be especially well suited to this type of study,
which is often flux limited.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Wavelength Resolution
Max Simultaneous Q-range
Sample to Detector distance
Detectors

Cold
30 m
4 to 10 Å at 14 Hz
4 to 16 Å at 7 Hz
4% at 6Å and L2 = 20 m
−1
1.5 × 10−4 < Q < 1Å @ 7Hz with 2mm sample
−1
9 × 10−4 < Q < 1Å @ 14Hz with 10mm sample
Variable 2m to 20m
Front: 3.5 m2 of 8 mm pitch detectors
Rear: 1 m2 of 2 mm pitch detectors

General-Purpose Polarized SANS

Estimated neutron flux and current at the
sample position as a function of collimation
length, beam size at sample (Ap2) and
minimum accessible Q.
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Broad-Band Small Sample SANS

Broad-Band Small Sample SANS

Self-assembled colloids
Solutions of macromolecules
Biological membrane
assemblies
Materials under flow
Nano-composite materials
Food science
Environmental chemistry
Engineering materials

This instrument provides a broad simultaneous Q range, up to
4 orders of magnitude, which is particularly useful for kinetics
measurements and small sample volumes.
This is a short SANS instrument with the sample only 20 m from
the source. It will therefore have a broad wavelength band allowing
access to a wide simultaneous Q range. The instrument will enable
single pulse scattering measurements on strongly scattering samples
of around 5 mm x 5 mm. It will also be suitable for the use of sample beam sizes, around 1 mm in diameter, enabling measurements
on small volume samples and on small areas of larger samples. The
instrument will be equipped with a variety of soft matter sample
environment including flow-through cells for biological solution scattering.

Instrument Description
The primary flight path of the instrument begins at 2m from the moderator with a multi-channel bender.
The bender is optimised for transfer of neutrons above 3 Å and rejection of short wavelengths whilst ensuring that line-of-sight from the source is closed before the start of the collimation section of the instrument.
Wavelength band selection is performed by a frame-overlap mirror and a chopper. The instrument can
operate in its highest flux mode by stopping the chopper but this limits the maximum wavelength that can
be obtained to that which fits into the source frame. There is then 3 m of straight guide to re-distribute
the neutron divergence before the collimation begins at 10 m.
The collimation is variable from 2m to 10m with interchangeable apertures to give a choice of beam size
from 1 mm × 1 mm up to 10 mm × 10 mm. The last section of interchangeable collimation has space for
focussing optics to be employed in order to access low Q values with larger samples, or to focus the beam
on the sample in cases where the resolution requirements can be relaxed, but a very small, high-flux beam
is needed.
The sample position has space for the use of sample environment with a footprint of up to 1.5 m × 2.5 m allowing for the use of sample changers, flow-through cells, shear and rheology equipment and electromagnets.

Estimated neutron flux and current at the sample
position as a function of collimation length, beam
size at sample (Ap2) and minimum accessible Q.
Values are given for operation with no chopper.
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Estimated neutron flux at the sample as a
function of angular resolution (red, green and blue
curves) compared to the currently world-leading
SANS instrument (black curve). Values are given
for operation with no chopper.

The detector makes use of 10 B thin film detectors in grazing incidence geometry. The detector elements are
arranged parallel to the beam direction around the outside of an evacuated flight tube. At the end of the
tube is a high resolution area detector and instrumented beamstops capable of measuring a time-of-flight
spectrum. In order to increase the space available at the sample position in order to accommodate larger
sample environment, the detector array is moveable.

Detector layout using

10

B thin film detectors around a tube.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Wavelength Resolution
Simultaneous Q Range
Sample to Detector distance
Detectors

Cold
20 m
2 to 13 Å at 14 Hz
9% at 4Å and L2 = 10 m
−1
2 × 10−4 <Q< 2Å @ 7 Hz with 2 mm diameter sample
−1
1.6 × 10−3 <Q< 2Å @ 14 Hz with 10 mm diameter sample
Detector bank from 1 m to 10 m
High resolution low-angle detector moves from 5 m to 10 m
35 m2 of 5 cm pitch 10 B detectors
0.4 m2 of 2 mm pitch detectors
Beamstop detectors

Broad-Band Small Sample SANS
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Surface Scattering

Surface Scattering

Nanostructured and patterned
surfaces
Polymer thin films
Self-assembled colloids
Biological membrane
assemblies
Energy materials
Drug delivery systems
Food science

This instrument will be optimised for high flux grazing incidence
SANS (GISANS) on horizontal surfaces, but will also be well-suited
for complementary surface scattering measurements (reflectometry,
surface diffraction and transmission SANS). Approaching the sample
surface from either above or below the horizon will allow the study
free liquid surfaces and wide range of nanostructured thin film
applications using in-situ techniques and sample environments.

Instrument Description
The instrument begins 2 m from the moderator with a multi-channel bender to take the instrument out of
line of sight of the source. The guide is inclined up at 0.5◦ to enable access from below the sample horizon
when using in-situ environments such as cone-plate rheometers. The sample position is located 30m from
the moderator. 20 m from the source the collimation section begins, with slit and pinhole collimation
up to 10 m for SANS and GISANS measurements, as well as vertical slit collimation for reflectometry.
In order to access free liquid surfaces, the last two guide sections will be coated on the top and bottom
with m=6 supermirrors to allow the beam to be deflected up to 4.8 ◦ up or down, giving access to an
angular range up to 5.3 ◦ from below and 4.3 ◦ the sample surface. At a typical collimation and a 3m
detector distance for specular reflectivity measurements the usable bandwidth of 2-9Å allows a competitive
Qz -range of 0.0050-0.47 (0.58) Å−1 to be covered for both liquid and solid interfaces. For GISANS and
SANS measurements, the instrument will have a variable detector position from 1-15m from the sample,
giving a Qxy range of 1 x 10−3 - 2 Å−1 .
The instrument will have a 0.5 m × 0.5 m high-resolution detector (< 1mm pixel size) inside a short
evacuated tank. The detector will be able to move within the tank to vary the accessible Q range and
to match the incident collimation. For higher specular angles the detector can be brought forward to 1m
from the sample.
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The collimation, bandwidth and resolution requirements for GISANS differ significantly from those that
are optimal for specular reflectometry, and thus GISANS measurements are difficult to accommodate on
reflectometers designed for specular applications. A dedicated instrument is thus required to optimise
Tof-GISANS for advanced applications and weakly scattering thin films. Particular applications that will
benefit from the geometry of this instrument will be free-liquid interfaces and in-situ experiments employing special sample environments (such as cone-plate rheometers) or complementary optical techniques
(such as ellipsometry or fluorescence microscopy). The instrument will additionally be capable of the
specular measurements required for a full 3D analysis laterally structured thin films.

Tof-GISANS recorded from a submonolayer of polymer islands, using the variation of penetration
depth of different wavelengths to probe the structure at different distances from the surface [194].

Instrument Parameters
Moderator
Wavelength Range
Moderator - sample distance
Sample to Detector distance
Qz -range
Qxy -range
Flux at Sample
Sample environnements
Detectors

Cold
variable depending on detector position
30 m
1-15m
0.005 - 0.47 (0.58) Å−1
1 × 10−3 - 2 Å−1
Depends on collimation and geometry
Air-liquid, solid-liquid, in-situ techniques (rheometry, microscopy
0.5m x 0.5m with 0.5mm resolution for GISANS, low resolution/
wide angle banks for SANS

Surface Scattering

Understanding self-assembly of 2-3D nanostructures at surfaces and interfaces is a challenge in both soft
and hard condensed matter. The structures of interest range from a few nanometers up to micrometers
in dimensions, and are often difficult to characterise using optical techniques due to their small size, or
because many interesting phenomena take place at buried interfaces. Small angle scattering in a grazing
incidence geometry allows such structures to be characterised revealing lateral morphology, particle size
and inter-particle distances. GISANS is a technique that the ESS is well placed to develop further, as the
demand for it is high but the scattering from thin films is flux limited. Time of flight GISANS has the
additional advantage of being able to monitor structures at different distances from the interface using the
wavelength dependent penetration depth of evanescent neutrons. Such experiments have successfully been
demonstrated, as illustrated in the figure below, but widespread use is limited by a lack of dedicated high
flux instruments.
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Horizontal Reflectometer

Horizontal Reflectometer

Soft condensed matter
Reactive surfaces
Biological membranes
Drug delivery systems
Environmental chemistry
Thin film devices

This high-flux instrument is optimised for the study of free liquid
interfaces with 4-20% wavelength resolution and an extended simultaneous Q-range for kinetic experiments on the millisecond to second
timescale, realised using a fast shutter system to select angles of
incidence with the pulse sequence.

Instrument Description
The primary motivation for this instrument is to allow faster time-dependent processes to be studied with
better structural resolution by extending the simultaneously measured Q-range. The instrument has an
elliptical guide inclined at -2.1 degrees transporting a broad angular divergence of neutrons towards a
horizontal sample surface. Reflectivity can be measured by sequentially choosing angles of incidence from
the divergence profile with 2 slit collimation, as shown in the inset to the instrument layout. This allows
the full Q-range to be covered without moving the liquid samples. In addition to the slit collimation
to limit divergence, a fast shutter system will open and close the slits with fast time-resolution in order
to record the full Q-range quasi-simultaneously from changing surface structures. The broad wavelength
range allows flexible choice of the incident angles used according to the sample reflectivity profile. The
illumination of the sample is homogeneous within a 4cm × 4cm area and samples as small as 5mm × 5mm
should be possible to measure due to the high brightness at ESS.

Beam selection principle: from the wide divergence neutron beam (0.2-4.1◦ ), incident angles a1-a3
can be collimated using the two sets of precision slits for sequential measurement of reflectivities
R1-R3 shown on in the reflectivity graph on the right. A system of fast rotating shutters will allow
rapid selection of these angle for kinetic experiments to record the full reflectivity range within
milliseconds-seconds.
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Instrument simulations: a) Footprint of the uncollimated beam b) full range of incident angles on
the horizontal sample, c) simulated flux at ∆θ/θ = 2.94% and an average ∆λ/λ = 8% at 0.2-4.11◦ ,
compared to the currently world-leading liquids reflectometer (grey and black curves at 0.62◦ and
3.8◦ ), d) Simulated reflectivity on a 4×4 cm2 D2 O surface including an incoherent background of 10−6 .

Instrument Parameters
Moderator
Moderator to sample distance
Wavelength range
Q-range on liquids
Q-range on solids
Wavelength Resolution
Beam Size at sample
Divergence at guide exit
Sample to Detector distance
Detector Technology
Sample environment

Cold
27m
2-9.5Å
0.006-0.45Å−1
0.001-2Å−1
4-19%
4 × 4 cm2
4.2◦ (Vertically)
1-3m
1 × 1 mm2 spatial resolution.
air-liquid, liquid-liquid and solid-liquid

Horizontal Reflectometer

The instrument has the potential for very high flux and high throughput measurements of 1-10 nanometre
thick films at relaxed resolution. The figure below shows a comparison of the simulated time-averaged flux
as a function of Q to the currently world-leading liquids reflectometer, at a comparable wavelength and
angular resolution, as well as the simulated reflectivity profile and estimated counting time required for an
air-D2 O interface. The main origin of the higher flux is the higher source brightness, and the use of the
natural wavelength resolution of the instrument rather than inserting resolution-modifying disc choppers as
on reactor instruments, but also from the use of more advanced optics. A wavelength frame multiplication
chopper system will be used for higher resolution studies of thicker films.
To limit the incoherent background from the sample, which is typically a problem for simultaneous multiangle measurements, a beam-selecting fast shutter will be placed in front of each precision slit set to
collimate the beam to a specific angle and resolution. This allows the reflection at each angle to be
measured on the detector at a unique time, allowing background subtraction from all angles which would
otherwise overlap in time and space.
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Vertical Reflectometer

Vertical Reflectometer

Thin film magnetism
Thin film devices
Solar cells & photovoltaics
Chemical sensors
Battery materials
Fuel cells

A versatile high-flux vertical-sample instrument optimised for specular reflectivity studies of small and ultra-small samples with 2-10%
wavelength resolution and broad accessible Q-range. A polarized incident beam with optional polarization analysis will allow magnetic
studies, with additional energy-angle encoding available using a multilayer monochromator.

Instrument Description
The vertical reflectometer utilizes the Selene concept [195] of two identical elliptical reflectors to focus
the neutron beam and deliver a broad angular divergence onto the sample surface. The design allows a
gain in flux relative to conventional two-slit collimation, and it has the additional advantage that by using
elliptical focusing optics, only the desired neutrons are transported to the sample, reducing background
levels. The double elliptical optics has several modes of operation as illustrated in the figure below. The
design offers the possibility to use the full divergence to increase the simultaneously measured Q-range,
which at an angular resolution of 5% gives rise to a flux gain of 10 on the sample compared to the almost
conventional set up.

Three operational modes of the instrument simulated on a 5 x 5 mm2 sample. a) Angle-wavelength
encoding using a multilayer monochromator mirror, b) the wide divergence mode for rapid scanning
of ultra-small samples and c) the limited divergence mode giving rise to an almost conventional set
up.
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In the wide-divergence mode the angle of incidence is resolved on the position sensitive time-of-flight
detector. The angular divergence of the instrument will be 1◦ in the scattering plane, which gives a simultaneous Q-range of 0.005 - 0.5 Å−1 , using 0.2-1.2◦ . In cases where the full divergence cannot be used due
to incoherent background from the samples, the beam divergence can be limited by a slit rendering the
measurement equivalent to a conventional double-slit collimation system, but still using a beam focusing
on the sample plane instead of a divergent beam. For particularly small samples, or for scanning local
structures, the guide system can be tuned to select only the most focused part of the beam, leading to
beam spots of 200-300 micrometres in dimensions. For samples that exhibit both specular and off-specular
scattering, these can be separated using a multilayer monochromator to encode wavelength with reflection
angle and measuring the time-of-flight. The divergence within the sample plane can be used for focusing
in grazing incidence small angle scattering (GISANS) experiments, if the detector is brought forward to
the sample position. The guide geometry leaves several meters of space around the sample, so that using
large sample environment and in-situ characterisation and deposition techniques is possible.

Instrument Parameters
Moderator
Moderator to sample distance
Wavelength range
Wavelength Resolution
Qz -range
Beam Size at sample
Divergence at sample
Sample to Detector distance
Detector Technology
Detector Range
Sample environment

Cold
52m
5-9.4Å
2-10%
0.005 - 2Å−1
0.1x0.1 to 1x1cm2
∆θxz = 1◦ , ∆θxy = 2◦
1-6m
0.5 x 0.5 mm2 spatial resolution.
-5 < 2 θ < +40o
in-situ MBE, contacted devices

Vertical Reflectometer

Left: Specular reflectivity of a 1000 Ni film on glass simulated using (a) the wavelength-angle
encoding mode (60s), (b) the wide-divergence mode (1s) and (c) the almost conventional set up
(10s). Right: Potential applications include very small samples in complex environments e.g. in-situ
MBE deposition.
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Thermal Powder Diffractometer

Thermal Powder Diffractometer
Structure & in-situ processing
Catalytically-active materials
Novel materials
Health & pharmaceuticals
Fuel cells
Battery materials
Gas storage materials
Solar cells & photovoltaics
Engineering & geosciences
Archeology & heritage
conservation

This is a thermal neutron, time-of-flight diffractometer with variable
wavelength resolution (∆λ/λ from ≈ 0.02% to 5%), provided by a
pulse shaping chopper, and a useful Qmax of ≈ 25 Å−1 for medium
and high-resolution powder crystallography. The usable wavelength
band in the time-frame is 1.9 Å (normal operational mode λ =
0.5 - 2.4 Å) and is optimised for shorter wavelengths for structural
characterisation and in situ processing when extended Q-data are
required. The flexibility of the instrument allows a wide-range of
materials to be investigated. While the instrument is optimised for
thermal neutron powder diffraction, it can also perform single crystal
diffraction measurements in a quasi-Laue mode.

Instrument Description
The beam transport system is based on a kinked double ellipse geometry, in order to avoid line-of-sight
from the thermal moderator. A pulse shaping chopper allows the wavelength resolution to be tuned from
0.02% to 5% for the central wavelength of 1.45 Å. The guide is optimised for the transport of short
wavelength neutrons, giving the standard operational mode wavelength band of 0.5 - 2.4 Å, ideal for
small to intermediate unit cell crystallography. Using short wavelengths also avoids problems with the
prompt pulse for almost the entire wavelength band. The wavelength band can be tuned across the range
available from the thermal moderator (0.5 - 6 Å) but, for longer wavelength bands, the bispectral powder
diffractometer is preferred. Vertical focussing of the guide means that cylindrical sample geometry is
preferred. A large cylindrical 2-D detector (10◦ < 2θ < 160◦ ) with a height of at least 1 m and high
spatial resolution (2 mm in the scattering plane, 5 mm in the vertical plane) matches the sample geometry,
allowing both angle dispersive and time-of-flight information to be collected across a wide angular range.
A backscattering detector array is also envisaged for high resolution studies. The ability to tune the
instrument resolution to the experimental system is a key advantage of the ESS suite. The combination of
the very flexible instrument set-up, event mode data acquisition and optimised sample environments are
key to the impact of this instrument across a broad range of science. Additionally, the cylindrical detector
geometry will allow single crystal data collection using the quasi-Laue technique but the instrument is not
optimised for this purpose. Polarisation of the incoming beam is also foreseen as an upgrade path.
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Simulation of powder diffraction data for a
Bragg diffraction peak width as a function of
NaCaAlF standard for a two-dimensional detector detector scattering angle showing the variation in
over the full detector scattering angle.
the instrument resolution function.

Standard one-dimensional powder diffraction pattern obtained by summation of the data within the
box at high scattering angle (160-170◦ ) in the above left figure.
Diffraction data is simulated above assuming a cylindrical detector geometry and plotted in 1/d in
order to illustrate the instrument characteristics (Figure top left). Detector summing over a restricted
scattering angle range to give one-dimensional data is the usual method to produce data for Rietveld
refinement (Figure bottom) but summing the data into one-dimension across a larger detector angle leads
to broader Bragg reflections (Figure top right) and the loss of information due to increased peak overlap.
The goal is to develop multi-dimensional Rietveld analysis software to refine the full detector image, where
the variation in the instrument resolution as a function of detector scattering angle can be modelled.
Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Wavelength Resolution
d-range
Q-range
Beam Size at sample
Sample to Detector distance
Detector Technology

Detector Coverage

thermal
156 m
0.5 - 2.4 Å in standard mode; full range 0.5 - 6 Å
≈0.02% (10 µs) - 5% (full pulse) at λ = 1.45 Å
0.25 - 14 Å in standard mode; full range 0.25 - 35 Å
0.5 - 25 Å−1 in standard mode
full beamsize 2 × 1 cm2 with optional additional focussing (0.5 ×
0.5 cm2 )
wide angle bank - 2 m, backscattering bank - up to 2.5 m
Boron-10 or wavelength shifting fibre, spatial resolution ≈ 2 mm
in scattering plane and 5 mm in vertical plane, efficiency > 50%
(for λ > 1 Å)
10◦ < 2θ < 160◦ on both sides with separate backscattering detector array from 160-180◦

Thermal Powder Diffractometer
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Bispectral Powder Diffractometer

Bispectral Powder Diffractometer
Novel &materials
Structure & in-situ processing
Catalytically-active materials
Fuel cells
Battery materials
Solar cells & photovoltaics
Novel states of matter
Engineering & geosciences
Archeology & heritage
conservation
Earth & environmental sciences

This time-of-flight diffractometer combines the flux of a thermal and
coupled cold moderator for an efficient use of a broad wavelength
band with flexible time resolution, which makes it ideal to determine
larger units cells of complex materials, or magnetic superstructures
simultaneously with the atomic structure including light elements.
The instrument is 75 m long and uses two wavelength frames with a
total bandwidth of 3.8 Å. The choppers will typically be phased to
select 0.8 to 4.6 Å, yielding a Qmax of 15 Å−1 and can be tuned to
provide wavelengths up to 10 Å. The pulse shaping chopper system
provides a flexible time resolution and efficient wavelength frame multiplication, in addition to the ability to shift the wavelength band and
to suppress the background of the prompt pulse. The beam divergence and detector resolution are also well adapted to single crystal
diffraction studies. With an optional monochromating chopper, the
instrument can be converted to a special multispectral spectrometer
optimized for small samples and low divergence.

Instrument Description
The bispectral extraction system, consisting of a super-mirror stack inserted in the monolith, allows the
instrument to view simultaneously both the thermal and cold moderators. The pulse shaping chopper
(PSC) uses the eye-of-the-needle concept in both space and time and is placed at the first focal point of
the double elliptic guide system, mirroring the phase space density at the PSC to the sample position.
The final section of the guide will contain exchangeable parts to vary the beam size and divergence at
the sample position. The detector system covers a large solid angle with 2D position sensitivity at 3
mm spatial resolution and will likely be composed of units based on wavelength shifting fiber scintillation
detectors. A cylindrical detector geometry with the cylinder axis along beam and a dedicated backscattering detector are foreseen. The measurements provide angle and wavelength dispersive data for powder
diffraction, as illustrated for the Thermal powder diffractometer, and multi-dimensional Rietveld analysis
software, currently under development, will be used for data analysis. The beam is further guided out
of the experimental section to a second station, which can use the transmitted beam for neutron Laue
characterization and test experiments.
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The pulse shaping chopper consists of two counter-rotating discs of 75 cm diameter rotating with different
multiples of the source frequency to produce short pulses as a 14 Hz“beat” of the ESS source frequency. The
€ for high resolution backscatchoice of slit pair provides a large flexibility in time/wavelength resolution:
tering diffraction δt/t can be tuned to the range of 10−3 to 10−4 and can be relaxed to increase flux in fine
incremental steps up to 1% resolution. The acceptance diagram (right-hand figure) shows the selection of
the chopper system from the bispectral moderator distribution. The stripes indicate the opening time of
the PSC and the closing time for the Bandwidth Control (BC) choppers and the T0 chopper. The BC
choppers remove the background from the long time decay of the source pulse, while a massive T0 chopper
suppresses the prompt pulse. For a typical medium resolution setting of δd/d ∼ 0.005 at 2θ = 90◦ , a
pulse width of 100 to 600 µs, depending on wavelength, matches the divergence given by the instrument
geometry and detector specification. The wavelength band can easily be shifted by phase-shifting the
choppers to match the required Q-range.
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Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
d-range
Q-range
Beam size at sample
Background suppression
Sample to Detector distance
Detector Technology
Detector Coverage

bispectral cold/thermal
75 m
0.8 - 10 Å
0.4 - 30 Å
0.2 -15 Å−1
full beamsize 1 × 1 cm2 with optional focussing (0.5 × 0.5 cm2 )
T0 chopper
about 1.5 m
Wavelength shifting fibre, Boron-10 blade, or 10 BF3 volume
spatial resolution 3 mm, efficiency > 50% (for λ > 1 Å)
10◦ < 2θ < 170◦

Bispectral Powder Diffractometer
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Pulsed Monochromatic Powder Diffractometer

Pulsed Monochromatic Powder Diffractometer
Structure & in-situ processing
Fuel cells
Battery materials
Gas storage materials
Solar cells & photovoltaics
Catalytically-active materials
Novel materials
Health & pharmaceuticals
Novel states of matter
Engineering & geosciences
Paleoclimatology & climate
change
Earth & environmental sciences

The instrument is a thermal neutron, crystal monochromator diffractometer with variable ∆d/d resolution from > 1% to < 0.1% covering
a Q-range up to ≈ 12.5 Å−1 . The complete diffraction pattern over
a scattering angle of 160◦ can be obtained in a few seconds, ideal for
parametric investigations, and the out-of-plane scattering angle coverage is matched to the requirements of complex sample environments.
The variable take-off angle to the monochromators (continuous from
40◦ to ≈ 130◦ ) increases the flexibility of the instrument, allowing
trade of flux for resolution. Several additional modes of operation
are foreseen to take advatnage of the pulsed source: simultaneous
multiple wavelength data collection, the possibility to separate the
inelastic incoherent scattering contribution from hydrogenous materials and fixed incident energy inelastic scattering mapping.

Instrument Description
The beam transport system will be optimised for thermal neutrons and starts with an in-pile feeder
focussing through a 4 cm × 4 cm aperture at 6 m. A half-elliptical guide section (horizontal and vertical
directions) will transport the neutrons to a point where the guide will be split, allowing an upgrade path
to several instruments on the same beamport as, for this instrument, only 1/3 of the guide is required
(horizontally). In the near future, we shall evaluate an angled straight guide section after the splitting point
to avoid direct line-of-sight of the monochromator to the moderator, so as to reduce background. The total
flight-path length from the moderator surface to the monochromator face is 46 m, allowing full illumination
of at least a 30 cm high vertically-focussing (variable curvature) monochromator through the aperture at
6 m (natural divergence of ± 0.2◦ ). A fixed-collimation carousel will determine the divergence acceptance
onto the monochromator and a carousel with several monochromators offers flexibility. The operational
take-off angle to the monochromators can be varied between 40◦ and 130◦ . The secondary evacuated flight
path length (monochromator to sample) is 4 m with variable apertures to vary the beam divergence at
the sample position, followed by a final set of beam-defining jaws. The sample - detector distance is 2.5
m, including a radial oscillating collimator (to suppress parasitic sample environment scattering) at the
detector entrance and an evacuated detector housing (to reduce air scattering).

Crystal
Mono.

d-spacing
(Å)

HOPG(002)
HOPG(004)
Ge(220)
Ge(440)
Ge(400)

3.355
1.677
2.000
1.000
1.414

Wavelength
(Å)
(2θ = 90◦ )
4.743
2.372
2.828
1.414
2.000

65

Wavelength
(Å)
(2θ = 40◦ )
2.295
1.147
1.368
0.684
0.967

Table showing some possible composite
monochromators based on HOPG and Ge.
Comparison of diamond reflectivity (green) to
other materials for crystal monochromators - Ge
(blue), Cu (red) and graphite (black).
The instrument is similar to a conventional reactor-based diffractometer, such as D20 at the ILL, in the
single wavelength mode of operation, as the time-averaged flux of the ESS is comparable to that of the ILL.
However, the background is reduced cf. existing reactor instruments by discarding events outside the elastic
line boundary time-of-flight conditions, increasing the effective signal-to-background ratio. Furthermore,
multiple monochromatic wavelengths can be generated from monochromators (through co-aligned reflecting
planes and/or higher order reflections) or by developing composite sandwich monochromators (see Table
above left). The individual pulsed wavelengths are separated at the detector using the total path-length
time-of-flight difference, not possible at a continuous source. Other monochromator materials will be
investigated, such as diamond for its superior reflectivity in the wavelength range of interest (see Figure
right) and layered materials (more higher order reflections). The monochromatic pulse structure is also
well matched to fast kinetic measurements (sampling rate 4-5 ms at 14 Hz) and has potential with triggered
cyclic measurements under extreme conditions, such as pulsed high-magnetic fields. The sample - detector
flight-path can be used to separate inelastic incoherent scattering contributions, in time-of-flight, from
elastic scattering in hydrogenous materials. Fixed incident energy inelastic scattering mapping can be
performed with the full pulse (low energy resolution) or with a shaped pulse (variable energy resolution)
using the optional chopper placed before the monochromator, offering a variable pulse-width from tens of µs
to the full pulse-width. RRM-like measurements can also be replicated using the composite monochromator
and/or higher order reflection set-up. Thus, while optimised for diffraction and in situ processing, several
additional modes of operation are envisaged.
Instrument Parameters
Moderator
Moderator – monochromator distance
Monochromator – sample distance
Sample – detector distance
Q-range
Beam size at sample position
Normal Monochromators
Composite Monochromators
Detector technology
Detector coverage

Thermal
46 m
4m
2.5 m
0.1 -12.5 Å−1
maximum 40 mm height × 15 mm width
diamond(111), diamond(220), Ge(113), HOPG(002)
Example - Ge(220) / Ge(440) / Ge(400)
1
0B or wavelength shifting fibre, resolution 2.5 mm
160◦ 2-D cylindrical detector of 30 cm height (± 6.8◦
acceptance)

Pulsed Monochromatic Powder Diffractometer
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Materials Science & Engineering Diffractometer

Materials Science & Engineering Diffractometer
Materials science
Engineering materials
Structure & in-situ processing
Residual stress & texture
Novel materials
Geosciences
Earth & environment sciences
Archeology & heritage
conservation

A unique instrument for a broad range of scientific and industrial applications with a special emphasis on in-situ investigations of mainly
engineering materials. The user will have the choice of multiplexing for fast time-resolved measurements or to trade resolution, divergence, beam size etc. versus flux in a single-frame pulse shaping
mode. Flexible resolution is achieved by utilizing a double chopper
system for pulse shaping, where different distances between the two
chopper discs can be chosen. It will have the option of standard pulse
shaping on a natural length instrument (Complex Environment Engineering Diffractometer “CEED” concept) or applying the structured
pulse modulating (SPEED) concept. The latter allows modulation
of the broad ESS pulse and thus to multiplication of the signal and
efficiency especially for high-symmetry materials and strain measurements. Other concepts such as pulse-overlap are also being considered.

Nearly constant ∆λ/λ resolution as produced
by the double chopper for different distances,
dc , between the chopper discs (simulation for
pulse suppression mode with double band
width).

A diffraction pattern simulated in the SPEED
mode displays the modulation of the broad
source pulse for each Bragg peak. The top inset
shows the high intensity and resolution obtained
by integrating over the range shown in the lower
inset.
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In addition to the pulse shaping and frame overlap choppers the instrument will possess the option to run
a modulation chopper positioned in the first third of the instrument’s total length of about 160 m. This
device allows for chopping the beam into short subframes i.e. pulses, which then overlap at the detector
position. Nevertheless the signal can be separated in many cases, especially when highly symmetric crystal
lattices are under investigation, due to the corresponding angular offset of the Bragg peaks registered by
the detector. In this way the signal is multiplied independently of the resolution, which may boost the
efficiency for many engineering applications.
The instrument will be equipped with a wide range of sample environments dedicated for in-situ testing and
characterization of engineering materials exposed to complex thermal, mechanical and electric or magnetic
field loading. Under particular consideration are (i) physical simulations of fabrication and processing
of engineering materials, (ii) long-lasting creep and fatigue experiments, (iii) investigation of magnetic
materials in pulsed magnetic field and (iv) combination of in-situ diffraction and micro-imaging. Physical
simulation of materials fabrication, processing and/or end use involves the exact laboratory reproduction
of the thermal and mechanical processes that the engineering material is subjected to in the large scale
production or end use. In-situ neutron diffraction during the physical simulation provides supplemental
information about the evolution of texture, preferred orientation of martensitic variants, elastic and plastic
anisotropy, dislocations and many other aspects. This additional information is expected to significantly
improve the chance of achieving the optimisation of material performance through physical simulation.
The instrument will also be used for texture and residual stress measurements in engineering components
which are of major interest for industry. The basic instrument concept involves conventional detector
banks located at right angles to the incident beam, coupled with flexible radial collimators (thus providing
two distinct Q-vectors or independent directions of strain). Together with the incident slits, these define a
gauge volume that allows spatially resolved measurements (of strain, texture etc) by moving the sample.
Extension of the 90◦ banks to include back-scattering or forward scattering are to be considered. This
would give better coverage for texture measurements and more directions of strain, but has to be balanced
with the spatial and logistical requirements demanded from the advanced and potentially bulky sample
environment. For residual stress measurements, the resolution and vertical divergence can be relaxed
considerably (up to 1%) in order to gain flux.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Resolution
Beam Size at sample
Detector Technology
Detector Coverage
Sample environment

Thermal &Cold Bi-spectral
156 m
0.5-5Å(0.5%)
0.1% to 1% at 90◦
0.5 × 0.5mm2 to 10 × 20mm2
Boron-10, with mm spatial resolution
Initially 2θ=90◦ ± 20◦ , two banks but with extensions, possibly
transmission detector
In-situ materials testing equipment, stress rigs, furnaces, cryocooling, robotics

Materials Science & Engineering Diffractometer

Instrument Description
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Extreme Conditions Instrument

Extreme Conditions Instrument

Novel materials
Structure & in-situ processing
Geosciences
High-Tc superconductivity
Molecular magnets
Novel states of matter
Earth & environmental sciences

This instrument is optimised for effective use of state-of-the-art
sample environments, in particular high-field (≥ 25 T) magnets or
high-pressure cells, including multi-anvil presses high temperature
presses (up to 30 GPa at 2000 K). It can perform diffraction and
spectroscopy measurements, and has additional SANS capabilities
with bispectral extraction from the moderators to cover the widest
possible Q/energy range. For wide angle diffraction the useful
Qmax is 12 Å−1 and the usable wavelength band is 1.9 Å. For the
spectroscopy option, the instrument covers an energy range of 1 - 80
meV with a variable energy resolution of up to 5%. The detector
set-up is modular and will be matched to the sample environment.
The instrument has a broad range of applications ranging from the
physics and chemistry of materials to applied science.

Instrument Description
The primary instrument is very flexible, due to the quite different requirements for diffraction, spectroscopy
and SANS, while the secondary instrument matches the sample environment. Bispectral extraction from
both moderators significantly expands the range of wavelengths accessible at the instrument and allows
conventional diffraction, cold spectroscopy or SANS under the same experimental conditions. The wavelength resolution can be tuned by choppers from <0.1% to several % depending on the incident wavelength
band, the former resolution is preferred for diffraction and the latter for SANS. For the spectroscopy option, either full or shaped pulse operation is foreseen depending on the required energy resolution. The
direct spectrometer mode gives flexibility in choosing the incident energy from an extended energy range
of 1 to 80 meV with a resolution that can be varied between 1 and 5%, enhanced by RRM. The beam
delivery system has a kinked double ellipse geometry, similar to that proposed for the thermal powder
diffractometer in order to bend out of the line-of-sight of the moderator to reduce background. The final
section of the guide will contain slit systems to optimise the spatial and divergence acceptances at the
sample position, offering great flexibility to tune the instrument set-up to those required by the experiment. Extreme conditions mean small sample sizes and/or severely restricted sample geometry and the
maximum beam size is 1 × 1 cm2 , with optional focusing to reduce the beam to mm dimensions.
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Possible sample environment types: (left) Multi-anvil pressure apparatus installed at PLANET
(J-Parc) and (right) 25 T high-field split-pair magnet. Other alternatives include split magnets with
wedge openings or superconducting horizontal magnets (not shown).
The secondary instrument is adapted to the dedicated sample environment (see Figure). Depending
on the type of magnet, the scattering angle can be either limited to 30◦ in- and out-of-plane in forward
and backscattering directions or be as wide as 300◦ in-plane but only a few degrees out-of-plane. For a
high-pressure apparatus, the most useful scattering angle is around 90◦ , whereas forward and backward
scattering positions are similar to those for the high-field magnet. For the system robustness, a modular
detector panel configuration is planned for all the diffraction and spectroscopy modes, with an additional
SANS detector bank in forward scattering that can be installed at a distance of 6 - 8 m from the sample
position. To define the gauge volume and avoid parasitic scattering from the sample environment, a high
degree of collimation is required in the secondary instrument. The non-magnetic and evacuated detector
chambers will therefore incorporate radial collimation (not shown in the instrument overview). Combined
with the long distance from the source and the kinked guide, this will provide a very low background and
maximize the signal-to-noise ratio, crucial for small sample volumes.

Instrument Parameters
Moderator
Moderator - sample distance
Wavelength range
d-range (Q-range)
Energy range (resolution)
Beam size at sample
Sample - detector distance
Detector technology

Detector Coverage
Dedicated sample environment

bispectral cold/thermal
156 m
1 - 15 Å
0.5 - 600 Å (0.01 - 12 Å−1 ) including SANS mode
1 - 80 meV (1 - 5%)
1 × 1 cm2 (optional focusing)
up to 4 m
Diffraction/spectroscopy: Boron-10 or wavelength shifting fibres, spatial resolution 2.5 mm, efficiency > 50% (for λ > 1 Å);
SANS: (see Broad-band small sample SANS)
modular detector panels 1.5 × 1 m2 , SANS detector 1 × 1 m2
superconducting high field magnet (>25T), multi-anvil press (6axis press with max. load 500 ton/axis), diamond anvil pressure
cells

Extreme Conditions Instrument
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Single-Crystal Magnetism Diffractometer

Single-Crystal Magnetism Diffractometer
Highly frustrated magnetism
and emergent phenomena
Structure & in-situ processing
Molecular magnets &
nanoparticles
Novel states of matter
Spin densities
Site susceptibilities

A time-of-flight (TOF) Laue instrument with the option to use polarized neutrons and full polarization analysis. Applications include
magnetic structure determination for small single crystals including
polarimetry, site susceptibilities, spin density distributions, hydrogen bonding, diffuse magnetic scattering, parametric real-time exploration of reciprocal space and monitoring the order parameters of
weak signals.
The instrument takes full advantage of the ESS long pulse structure,
its high flexibility and low background allowing to measure very small
samples. Measurements using the TOF Laue method can very efficiently cover the reciprocal space of interest by a single or just a few
sample settings.

Instrument Description
Details on site susceptibilities and spin density distributions are obtained by polarized thermal neutron
diffraction under magnetic field reversal, whereas cold polarized neutrons with polarization analysis can
favourably be used for complex magnetic ordering and diffuse magnetic scattering. In order to enable both
of these two standard modes of operation, the wavelength band can be shifted within the spectrum of a
bi-spectral moderator, a flexibility which also allows efficient survey measurements, as well as parametric
studies focused on small regions of reciprocal space.
With a simple spin-echo technique, it is possible to set a common coordinate system for the polarization
analysis in white beam TOF Laue polarimetry, a method that rigorously disentangles the various nuclear
and magnetic scattering terms on the full measured range of Bragg peaks in a single shot.
The spectrum of a bi-spectral moderator feeds a neutron guide system avoiding direct line of sight. The
background is minimized by elliptic guide elements for focusing on small samples. Beam polarization is
achieved by super mirrors. Half-polarized experiments with thermal neutrons can be performed with a
10 T asymmetric split-coil magnet giving large access to solid angle and reciprocal space. Polarization
analysis and polarimetry are applied for separating magnetic, nuclear coherent, spin-incoherent scattering
and interference terms.
The detector at 1 m distance from the sample, 1 m high, will be based on a thin film 10 B4 C converter,
with 50% efficiency at 1 Å, which can achieve a spatial resolution of 2.5 mm fitting to a crystal mosaicity
of 0.15◦ .

2.5. CATALOGUE: THE REFERENCE SUITE

71

Reciprocal$space$coverage$

pulse duration [ms]

2,86

15.7$Å)1$$$
0.8$Å$$$
thermal(
cold(
1.3,1.6$$$
$$$$$2.7$$$$

4.7$$$$

8,10$$$ 4.6$$$

2.7$$$$

180°

Q (Å)1)$$$
λ (Å)$$$

15.7$$$$
$0.8$$$$

0

0

1

2

3

4

5

6

λ [Å’]

The left figure, a cut through the Ewald sphere, displays the reciprocal space coverage for different
selected wavelength bands, with thermal (cyan) and cold (blue) choices and scattering angles up to
180◦ . The 2D detector also gives access to vertical Q-components (< 2.7 Å−1 ) and completes the
picture to both sides of the incoming beam.
−1
The right figure shows the pulse-shaping required for a constant absolute resolution of ∆ki ≤ 0.05Å ;
for cold neutrons the resolution improves considerably even using the full pulse. At a wavelength
resolution of 1%, the flux at the sample position will be 5 × 108 n/cm2 s.

Instrument Parameters
Moderator
Moderator - sample distance
Wavelength range
d-range (resolution)
Q-range (resolution)
divergence
Background
Beam size at sample
Sample size
Sample to detector distance
Detector technology
Detector coverage
Special sample environment
wide angle polarization analysis
and neutron polarimetry

bispectral cold/thermal
156 m
0.8 - 10 Å
0.4 - 60 Å (∼ 1%)
0.1 -15 Å−1
−1
(∼ 1%, flexible ∆Q ≤ 0.05Å )
◦
◦
0.3 − 0.6 (thermal−cold, FWHM )
no direct line of sight
typical < 0.5 × 0.5 cm2
0.1 - 10 mm3
1m
10
B-foil, efficiency > 50% for λ > 1Å
spatial resolution 2.5 mm
horizontal 10◦ < 2θ < 170◦
vertical −20◦ < χ < 20◦
asymmetric vertical 10 T magnet for half-polarized setup
3
He spin-filter cell applying for full the 2D detector or,
super mirror analyzer for applied fields, high polarization
and 25◦ vertical acceptance, (λ = 2 − 10Å)

Single-Crystal Magnetism Diffractometer

The user may benefit from the versatility of the instrument by adjusting wavelength band, pulse duration
and focusing to the required reciprocal space, resolution and sample size. A large section of reciprocal space
can be covered in a single sample setting, or alternatively, a continuous sample rotation can be chosen for
data acquisition. The choice of a 156 m long instrument using a single wavelength frame gives a simple,
adaptable time structure. For most needs the instrument exploits the full long source pulse. In order to
resolve Bragg peaks at large Q with constant high resolution, the thermal spectrum of the pulse can be
adapted to the unit cell dimensions, using a pulse-shaping chopper to provide a wavelength-dependent
pulse length, as shown in the figure below.
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Macromolecular Diffractometer

Macromolecular Diffractometer

Macromolecular structures
Enzyme mechanisms
Protein-ligand interactions
Proton transport

Dedicated to biological neutron crystallography, this instrument is
a single crystal quasi-Laue TOF diffractometer optimised for submillimeter crystals with large unit cells. The instrument should be
able to routinely study 30-40 kDa proteins in unit cells with 100-150
Å edges. The determination of the hydrogen positions requires a dmin
of the order of 2 Å, even for large unit cells. The flexible detector
geometry allows larger unit cells to be studied at the expense of longer
data collection times.

Instrument Description
The 156 m instrument length allows a wavelength frame of ca. 1.8 Å to be used, while the wavelength
resolution using the full 2.86 ms pulse is ca. 2-5 %. Since the main advantage of TOF in macromolecular
Laue crystallography is to spread the scattering background from the crystal to many time bins, this time
resolution is sufficient to separate the spots in the Laue pattern while making full use of the integrated
intensity of the long pulse. The width of the wavelength frame fits well with the wavelength range typically
accepted in the quasi-Laue technique. Separating the crowded Laue pattern in TOF not only distributes
the background into multiple time bins, but also allows spatially overlapping reflections to be separated
by three-dimensional profile fitting.
In order to maximise the signal-to-background ratio, the beam delivery system is optimised to match the
beam size to typical crystal sizes of 0.2-1 mm and the beam divergence to typical crystal mosaicities of ca.
±0.1◦ . A curved guide with a low m-value coating is sufficient to deliver the required divergence at the
sample and avoid a direct line-of-sight to the moderator.
The detector setup allows both the sample-detector distance and the 2θ angle at the center of the detector
to be changed. Increasing the detector distance allows the reflections from larger unit cells to be better
separated on the detector plane. As the fraction of reciprocal space covered at one crystal orientation is
then smaller, more crystal orientations have to be used to obtain a complete data set, leading to a longer
data collection time. Several options for the detector technology required to achieve 0.2 mm spatial resolution with acceptable efficiency and time resolution are under development. Existing scintillator detectors
with 0.5 mm resolution can be used as a fall-back option at the expense of either larger detector area or
increased data collection time.
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Time-of-flight

Separation of diffraction spots of a given width in the
spatial and time-of-flight dimensions.
A crowded part of a simulated Laue
pattern split into ten time bins.

The high time-averaged flux of the ESS combined with the effective background reduction by using TOF
will reduce the required crystal volume currently required for a given size of unit cell by more than an
order of magnitude. This will allow much more challenging, but scientifically highly interesting targets
such as integral membrane proteins to be investigated using neutron crystallography.
Producing sufficient amounts of perdeuterated protein material and growing large and well-ordered crystals
remains the most time-consuming part of the structure determination effort. In order to make the most
efficient use of the instrument time, the ESS will provide supporting facilities to help the users with these
steps and ensure that the samples have been thoroughly optimised before the neutron experiment.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Energy Resolution
dmin (Crystallographic resolution)
Beam Size at sample
Divergence at sample
Sample to Detector distance
Detector Technology
Detector Coverage
Sample environment

Bispectral/cold
156 m
1.5-3.3 Å
5-2%
1.2 Å
3 × 3 − 0.2 × 0.2mm2
±0.1◦
0.2-1.0 m
Three 60 × 60 cm2 solid state Gd
or 10 B detectors with 0.2 mm spatial resolution.
2θ = ±165◦ (0.2 m)-±50◦ (1.0 m)
Cryostream, humidity control, X-ray diffraction

Macromolecular Diffractometer

Detector spatial coordinate
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Cold Chopper Spectrometer

Cold Chopper Spectrometer
Novel states of matter
High-Tc superconductivity
Molecular magnets & confined
systems
Solar cells & photovoltaics
Drug delivery systems
Catalytically active materials
Gas storage materials
Battery materials
Polymers
Biological membrane
assemblies
Biomolecules
Geosciences

A versatile instrument with a scientific focus on single crystal
magnetism, providing an intense cold neutron beam with high energy
and angular resolution in addition to a beam profile optimised for
scattering from single crystal samples. This instrument is well
optimized for magnetism and will also appeal to the soft matter and
biological communities. The majority of experiments are expected
to utilise an energy resolution of 50 - 200 µeV, but much higher
energy resolution is also possible, reaching 8 µeV at a wavelength of
9 Å. The incident beam will provide a very clean resolution function
and divergence profile to produce high resolution in both wavevector
and energy transfer. Polarisation analysis will be a day one option
to enable the separation of nuclear and magnetic signals. These
features will yield a cold chopper spectrometer which is perfectly
suited to probe novel dynamic behaviour in single crystal samples.

Instrument Description
The conceptual design foresees an instrument length of 156 m from moderator to sample, viewing the cold
moderator. The background from the prompt pulse neutrons will be minimised by avoiding direct line of
sight to the moderator through the use of an S-shaped ballistic guide which yields a spatially homogenous
beam distribution at the sample position and provides a very clean short-wavelength cut-off. The choppers
will be integrated into the guide design with a counter-rotating pulse-shaping chopper pair placed at 7 m,
a frame overlap chopper at 13 m, another frame-overlap chopper at 1.4 m from the sample, and a counterrotating monochromating chopper pair immediately after. Interchangeable guide sections just before the
sample will make it possible to vary the beam size and divergence at the sample position and optimize the
flux and Q-resolution conditions for each experiment.
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The energy and wavevector transfer reached
for an incident bandwidth of 4 Å < λi < 5.5 Å
via the use of RRM. 10 incident energy frames
can be measured simultaneously in this mode.
The dashed lines shows elastic scattering.
The figure shows how close the scattering
profiles are in energy and wavevector transfer
thereby making it possible to combine these
data with a greatly enhanced resultant flux.
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In a single time frame a range of incident energies covering a wavelength range of 1.88 Å is probed via repetition rate multiplication (RRM). The long length
of the instrument results in only a small wavelength
spacing between adjacent pulses on the sample. The
focus on cold neutrons ensures that the resultant
range of incident energies is small, and it is therefore envisaged that these individual datasets will be
combined to provide a single dataset with substantially improved statistics. Combining these datasets
will require sophisticated software tools as provided
by the Data Management and Software Centre.
Special attention is paid to obtaining a clean energy resolution function and divergence profile to ensure an instrument which is well-suited for single
crystal measurements. Selecting an incident pulse
length of 1000 µs results in an energy resolution of
∆E = 86 µeV at an incident wavelength of 5 Å with
a Q resolution of 0.01 Å−1 . Higher energy resolution
measurements up to 8 µeV at 9 Å with good flux
are possible by further pulse shaping, due to the high
peak brightness of the source and the flexible chopper
system.

The frame overlap chopper at 6 m from the pulse-shaping chopper prevents overlap between subsequent
source pulses. The position and the opening times are chosen so as not to restrict the wavelength band,
while allowing a flexible choice of RRM configurations: a large number of incident energies for quasielastic
measurements or fewer energy windows when inelastic signals need to be probed. The neutron flux in
each individual energy window will be significantly higher than the world-leading instruments of this type
today, resulting in more than an order-of-magnitude performance enhancement when taking the multiple
frames into account. The incident beam will be polarised with an exchangeable polarising guide section
before the monochromating choppers. Analysis of the scattered neutrons will be performed by a 3 He cell,
allowing XYZ polarization analysis.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Energy Resolution (elastic line)
Beam Size at sample
Sample to Detector distance
Detector Technology
Detector Coverage
Sample environment

Cold
156 m
2 - 20 Å
∆E/E = 1% - 2.7%
from 1 × 1 cm2 to 2 × 4 cm2
4m
Boron 10
-30 < 2 θ < 150o
High magnetic fields
Polarization analysis
Time-dependent phenomena
Levitation experiments
Secondary in-situ measurements (e.g. IR, Raman)

Cold Chopper Spectrometer
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Bispectral chopper Spectrometer

Bispectral Chopper Spectrometer
Novel states of matter
High-Tc superconductivity
Molecular magnets & confined
systems
Solar cells & photovoltaics
Drug delivery systems
Catalytically active materials
Gas storage materials
Battery materials
Polymers
Biological membrane
assemblies
Biomolecules
Geosciences

A high resolution direct geometry spectrometer that gives the possibility to measure dynamics simultaneously over a very extended
energy range. This instrument will be used as (a) a wide energy
and wavevector transfer mapping instrument and (b) to determine
energy scales, in a single snap shot, that cover many energy (or time)
decades. It will be possible to relax the energy resolution from the
high resolution set-up ∆E/E ∼ 1% to 10 %. This will enable the user
to trade flux for resolution and thus optimise for the scattering signal
and energy resolutions required. The guide design will be optimised
for samples as small as a few mm3 in size. Scattering from liquids or
biological samples and small single crystals in complex sample environments will become routine.

Instrument Description
The bi-spectral chopper spectrometer will be a short instrument; 25.3 m from moderator surface to sample,
with a 4 m sample to detector distance. Bi-spectral extraction is possible either via the use of a supermirror
switch to reflect cold neutrons into the guide, or by pointing the guide to the edge of the cold moderator
to access a warmer spectrum. This will allow a large dynamic range to be probed in a single shot via the
use of repetition rate multiplication (RRM). A large dynamic range has been highlighted as important for
a variety of scientific cases as diverse as magnetism, soft matter dynamics and hydrogen storage materials.
Polarisation analysis is important to all these fields and will be used to separate coherent from incoherent
scattering in soft matter dynamics and to determine the direction of magnetic correlations. Polarisation
analysis will be implemented via removable polarising guides in the incident beam and a wide-angle 3 He
cell for spin analysis.
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Time-distance diagram for the bi-spectral
chopper spectrometer for (top) an inelastic
measurement and (bottom) quasielastic
scattering. The grey region illustrates
the trajectory of fast neutrons from the
prompt pulse. The dotted line indicates
the full frame of the ESS time structure.
The coloured lines follow the paths for
neutrons with 1.2 < λ < 7.3 Å for an
inelastic measurement (up to 80% energy
loss and ambient temperature energy gain)
and 1.0 < λ < 9.5 Å for the quasielastic
measurement (20 % energy loss and gain).
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The figure to the left shows the time-distance diagram
of the bi-spectral spectrometer for (top) inelastic scattering and (bottom) quasielastic scattering. All measurements will be performed in the first time frame,
avoiding possible problems arising from the prompt
pulse; fast neutrons emitted while the proton pulse
is incident on the target. The bi-spectral chopper instrument will therefore have a very well defined low
background with a world-leading signal to noise ratio.
This is particularly important for quasielastic scattering as found in biological samples and the weak diffuse
signals found in frustrated magnetism. Chopper positions will be optimised for RRM to provide a range
of incoming energies. When measuring inelastic signals far from the elastic peak, it is important that
the energy window at the detector, covers up to 80%
or more in energy loss and up to ambient temperature on the energy gain side. However there are many
cases where only quasielastic scattering is required in
which case a ±20% energy range is acceptable and
many more incident energy frames can be measured
in a single ESS time frame, as shown in the lower
figure. A rather sophisticated and flexible chopper
system is required to satisfy both requirements.
• One-shot technique for measuring dynamics
over a wide energy range.
• Excellent signal to noise ensured by always measuring after the prompt pulse.
• Trade flux for resolution over a large resolution
window (1-10 % at 10 Å).
• Three dimensional polarisation analysis as a
day-one option.
• Flexible frame length for switching between inelastic and quasielastic modes.
• Good overlap in energy resolution
backscattering instrumentation.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Sample to Detector distance
Detector Technology
Detector Coverage
Sample environment

Bispectral extraction
25.3 m
1 – 20 Å
4m
Boron 10
-30 < 2θ < 150o
Polarisation Analysis as day 1 option
High magnetic field (16 Tesla)
Lateral access for levitation experiments
Non-equilibrium experiments.

with

Bispectral chopper Spectrometer
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Thermal Chopper Spectrometer

Thermal Chopper Spectrometer

Novel states of matter
High-Tc superconductivity
Thermoelectric materials
Battery materials
Geosciences

An instrument designed for broad mapping of thermal excitations
with high energy and spatial resolution in hard condensed matter.
The ∼ 2 Å wavelength band of this 156 m instrument will provide a
large bandwidth of thermal neutron energies so that it is possible to
measure between with incident wavelengths between 0.7 Å and 2.5 Å
in a single measurement thus probing 11 < Ei < 167 meV simultaneously via repetition rate multiplication (RRM). The long-pulse
nature of the ESS source allows a versatile energy resolution that can
be varied between 1 % and 6 %. The instrument will be optimised for
1 % energy resolution. Position-sensitive detectors with a 1 cm spatial resolution in addition to homogenous flux and divergence profiles
across the sample will provide a very high Q resolution as required
for studies of single crystals. Polarisation analysis will be a day-one
option to enable the measurement of complex magnetic components
and to separate coherent from incoherent scattering contributions.

Instrument Description
The high resolution thermal chopper spectrometer is ∼ 156 m from moderator to sample. A pulse-shaping
chopper is placed at 6 m while a Fermi chopper is situated 1.3 m from the sample to monochromate the
beam and provide RRM. To ensure a high signal to noise ratio the sample space will be placed at least
1.5 times out of line of sight of the moderator via the use of a curved guide. The fast neutron spectra
that arise from the prompt pulse will be further reduced via the use of a T0 chopper placed close to the
monolith. The sample - detector distance is 6 m which, along with the detector depth, will determine the
highest resolution possible of ∆E/ E = 1%. The instrument will have an angular detector coverage of 90◦
in the horizontal plane and ± 30◦ in the vertical plane. Polarisation analysis will be a day one option. The
incident beam will be polarised with an exchangeable polarising guide section before the Fermi chopper.
Analysis of the scattered neutrons will be performed by a 3 He spin-filter cell.
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Brilliance transfer

Guide length ~ 150 m

Wavelength [Å]
A large dynamic range is probed in a single shot via the use of RRM. The figures below show a series
of simulated data sets with a range of incident energies that can be obtained in a single time frame,
from a sample with a gapped excited state - a magnon or phonon for example. These data, obtained
via McStas simulations, reveal the broad range of resultant energy and wavevector transfer resolutions.
Multiple energy scans such as these permit a full understanding of the scattering from the sample. RRM
data sets also allow the extraction of multiple-scattering and other systematic error effects due to their Q,
energy and resolution dependence, ensuring quantitative data analysis, free of spurious background effects.
The performance of this instrument is world-leading, with a counting rate for just a single RRM data set
comparable to the best instruments today.
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Scattering profiles of a simulated sample with a gapped excited state using RRM on the thermal
chopper spectrometer. The range of incident wavelengths in a single ESS time frame gives rise to a
large range of wavevector and energy transfer resolutions.
Instrument Parameters
Moderator
Moderator to sample distance
Wavelength Range
Energy Resolution (elastic line)
Beam Size at sample
Sample to Detector distance
Detector Technology
Detector Coverage
Specially considered sample environment

Thermal
156m
0.5-4 Å
1-6%
2 × 2 cm2
6m
Boron 10
-30 < 2 θ < 60o
High Fields, Polarization Analysis

Thermal Chopper Spectrometer

This instrument is well-suited for single crystal experiments. The brilliance transfer of the guide is
almost perfect for λ > 1 Å and 40% at 0.6 Å. Variable divergence profiles are available by exchanging
the final guide portions with absorbing pieces that
make it also possible to alter the beam profile at
the sample position.
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Cold Crystal-Analyser Spectrometer

Cold Crystal-Analyser Spectrometer

Novel states of matter
Molecular magnets & confined
systems
High-Tc superconductivity
Novel materials
Thermoelectric materials
Non-equilibrium quantum
phenomena
Geosciences

A very high intensity, medium to high resolution, indirect geometry spectrometer covering a wide Q-range. It is especially suited for
studies of excitation spectra as a function of wavevector transfer in
the areas of functional materials, quantum materials, and geoscience.
These investigations use real-world samples and sample environments
with the restricted angular access imposed by high-field magnets or
high-pressure equipment. The instrument is designed to accept the
full ESS long pulse and combines wide angular coverage in the horizontal plane with simultaneous detection of multiple energies using
the CAMEA (Continuous Angle Multiple Energy Analyser) concept.
Although primarily envisaged as a single crystal spectrometer, it can
be employed for the study of powders and liquids and can also function as a diffractometer.

Instrument Description
The instrument uses an inverse time-of-flight geometry, in which the final energy is determined by analyser
crystals, while the initial energy is determined through time-of-flight. The spectrometer uses a pseudowhite beam at the sample with a wavelength band of 1.8 Å. The band can be chosen within the interval
from 1 Å to 8 Å.
The instrument will use the full pulse width of the ESS when running in high-flux mode, resulting in a flux
at the sample of more than 1010 n/cm2 /s at an energy resolution dE/E = 4% and an incident divergence
of ±2◦ /±1.5◦ (vertical/horizontal). For the high resolution mode, a pulse shaping chopper is used, placed
as close as possible to the moderator. The distance from moderator to sample is 156 m, which is covered
by two consecutive elliptic guides of equal length, with a kink to avoid direct line-of-sight. A frame overlap
chopper is positioned between the two elliptic sections.
The secondary spectrometer will consist of 32 analyser detector modules covering all scattering angles
between 5◦ and 165◦ in the horizontal plane. Each analyser detector module uses 10 graphite crystal
analysers placed behind each other to simultaneously record different energies. The analysers cover 4◦ in
the vertical scattering direction and focus to detectors placed below the scattering plane, as shown in the
figure above.
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Using the PG002 reflection the analysers will cover an energy range from 2.5 meV and 8 meV. The
arrangement of the crystals allows for energy resolutions down to dE/E = 1.2%. Placing an order-sorting
chopper 2 m before the sample permits recording simultaneously the scattering from the PG002 and PG004
reflections of the analyzer crystals extending the energy range to 32 meV.
In this spectrometer, each analyser will span a parabolic surface in momentum and energy space. In a
single acquisition, the consecutive energy-momentum surfaces already provide good coverage (see figure),
which can be complemented by sample rotation. The key advantage of this instrument is that coverage is
concentrated in the horizontal scattering plane, resulting in good counting statistics within a short time,
enabling fast parametric studies as a function of temperature, magnetic field, pressure, etc. The instrument
will have polarization analysis and a Be filter will be used for background suppression when covering an
energy range below 5 meV.

Instrument Parameters
Moderator
Moderator - Sample distance
Incident Wavelength Range
Energy Resolution
Q-range
Divergence at Sample
Final Energy Coverage of Analysers
Scattering Angle Coverage
Sample to Detector Distance
Detector Technology
Sample Environment

Cold / Bispectral
156 m
1 - 8 Å
adjustable between ∆E/E = 1.2-6% at 5meV
0.04 - 7.8 Å−1
adjustable up to ±2◦ /±1.5◦ Vertical/Horizontal
for PG002: 2.5, 2.8, 3.1, 3.5, 4, 4.5, 5, 5.5, 6.5, 8 meV
for PG004: 10, 11.2, 12.4, 14, 16, 18, 20, 22, 26, 32 meV
5◦ < 2θ < 165◦ for each final energy
1.8 - 3.25 m
3
He or solid state detectors, (3.5 m2 )
High Pressure, High magnetic fields, Extreme temperatures, Pump probe experiments

ld Crystal-Analyser Spectrometer

Spin wave dispersion and elastic line simulated using PG002 scattering from the different analysers in
maximum flux mode with an energy resolution of 4 %.
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Vibrational Spectroscopy

Vibrational Spectroscopy

Catalytically active materials
Gas storage materials
Waste management
Polymers
Earth & environmental sciences
Molecular magnets & confined
systems
Health & pharmaceuticals
In-situ processing
Geosciences
Earth & environmental sciences

A workhorse instrument that is indispensable to energy and catalysis
science, and complements neutron diffraction techniques in complex
structure determination. It is particularly powerful in optically dense
materials compared to non-neutron optical spectroscopies. It complements Raman and IR spectroscopies especially when dipole selection
rules complicate the analysis. It is a wide energy range, mediumresolution instrument which allows the measurement of molecular
modes, as well as collective excitations under in situ conditions. With
an emphasis on the lower energy phenomena such as molecular rotations, lattice vibrations and collective motions, this instrument will
also measure hydrogen stretch modes up to about 500 meV with an
almost constant resolution ∆E/E of 2%.

Instrument Description
The concept of the vibrational spectroscopy instrument will take advantage of the flexibility of the longpulse structure of ESS by trading flux for resolution when applicable, using a flexible chopper cascade. It
features a three-interval wavelength frame multiplication scheme, using three independent pulse-shaping
choppers to provide 503.6 - 29.7 meV, 37.8 - 7.4 meV, and 8.3 - 3.6 meV with almost constant relative
energy resolution. Calculation of the energy transfer is performed using the total time of flight in the
primary and secondary spectrometer. The secondary spectrometer is static and energy discrimination of
the final energy is accomplished by selecting the final energy using graphite 002 crystal analysers. The
four banks of crystal analyser arrays time-focus the forward- and back-scattered neutrons onto the detector banks. Thanks to recent progress in the electronics speed, it will be possible to use position sensitive
detection to increase angular selectivity and, therefore, resolution. This provides an increase in neutron
count rate, while maintaining a constant energy resolution. Higher order contaminants and incoherent
background will be suppressed by cryogenically cooled Be filters. The instrument can access an extended
dynamic range starting below the elastic line by rephasing the pulse-shaping choppers.
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Time distance diagram illustrating the 3 frames which will allow cover a total energy range of 4 503 meV. Primary path length of 60 m with 3 independent pulse-shaping choppers at 9.0m, 6.1m
and 7.0m.

Accessible momentum transfer range over
energy for 4 analyser banks centered at 30◦
60◦ 120◦ 150◦ .

Contribution from the pulse width of the
pulse-shaping chopper and the scattering
angle (light blue: 30◦ and 150◦ ; magenta:
60◦ and 120◦ ) to the instrumental
resolution.

A guide focusing option is envisaged to increase the flux on the sample and to facilitate measurements
under environmental conditions as well as using a Fourier deconvolution method, by time-modulating the
ESS long pulse structure. The estimated measurement times of typical hydrogenated samples at lower
energy transfers are expected to be between 1 - 30 minutes per spectrum.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Energy Resolution
Q-range
Beam Size at Sample
Divergence at Sample
Sample to Detector Distance
Detector Technology
Analyser-Detector Banks
Sample Environment

Thermal/Bispectral
60 m
0.4 - 5 Å
∆E/E better than 2% using PG002 Graphite Analysers
1 - 15 Å−1
2×2 cm2 (Focusing option: 0.5×0.5 cm2 )
±2.5◦ /±2.5◦ (Vertical)/(Horizontal)
1m
3
He
4 banks centered at 30◦ 60◦ 120◦ 150◦
High and Low Pressure and Temperature, Controlled Gas Adsorption

Vibrational Spectroscopy
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Backscattering Spectrometer

Backscattering Spectrometer
Dynamics of biomolecules
Biological membrane
assemblies
Cell function
Drug delivery systems
Health & pharmaceuticals
Confined systems
Polymers
Battery materials
Catalytically active materials
Waste management
Gas storage materials
Geosciences

The Backscattering Spectrometer offers access to a unique combination of high energy resolution, intermediate Q coverage, and large
dynamic range. The slow repetition rate of the long-pulse source
provides the instrument with an unparalleled dynamic range that
is well suited for studies of localized relaxational atomic motions
overlapping with collective long-range motions, as well as quantummechanical tunneling and low-frequency vibrational densities of
states. The instrument covers the range of time and length scales
between those of chopper spectrometers and neutron spin-echo
instruments. The long-pulse time structure of the ESS permits
continuous variation of the energy resolution from 2 to 300 µeV, and
a broad dynamic range allowing high-resolution spectroscopic in all
areas of condensed matter science including chemistry, physics and
biology.

Instrument Description
The instrument uses a chopper cascade in the primary spectrometer, and Si(111) and Si(311) analyzer
crystals in the secondary part of the spectrometer. The analyzer crystals are positioned at 2.5m from the
sample position and arranged on a spherical surface in near-backscattering geometry. The long-pulse time
structure of the ESS permits a continuous trade-off between flux and resolution by varying the opening
time of the pulse-shaping chopper. The elastic energy resolution can be chosen between 2 and 50 µeV for
the Si(111) configuration and up to 300 µeV for Si(311). The dynamic range can be selected by the choice
of analyzer crystals: -500 to +500 µeV with Si(111) and -3.5 to +3.5 meV with Si(311), or by skipping
pulses if an even larger dynamic range is required.
The instrument will have a very low background by moving out of the direct line of sight of the source using
a curved guide, while an exchangeable radial collimator will minimize the observed scattering from sampleenvironment equipment. The combination of low energy neutrons and analyzers covering a large vertical
solid angle, allows the use of highly divergent beams. State-of-the-art neutron optics will efficiently select
and deliver large portions of neutron phase space to the sample position. The high source brightness of
the ESS will allow a very large flux at the sample, while the time structure will provide an unprecedented
dynamic range. This combination results in an order-of-magnitude performance increase compared to
currently world-leading backscattering instruments.
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The left-hand figure shows a tunneling spectrum of CH2 D2 in CH4 , measured on BASIS at the SNS,
exemplifying the importance of combining high resolution with a wide dynamic range in fundamental
research. The figure on the right shows the calculated elastic flux, defined as the spectral flux on the
sample, integrated over the energy acceptance of the analyser crystals, compared to today’s world-leading
backscattering spectrometers at pulsed and continuous neutron sources. The flux of the ESS instrument is
shown as a solid black line, illustrating how the resolution and hence the flux, can be tuned by modifying
the opening time of the pulse-shaping choppers. At comparable resolution, the ESS instrument is seen
to outperform the currently world-leading instrument by a factor of five. In reality that gain factor will
be considerably larger, as it can reasonably be expected that another factor of two can be achieved by
transporting a larger divergence to the sample.
At comparable resolution, with 5-10 times higher flux than the currently world-leading instrument, the
ESS instrument simultaneously achieves a dynamic range which is three times larger. The continuoussource instrument has two flux conditions shown for the two resolution configurations, each corresponding
to measurements with the monochromator Doppler drive on and off. The lower flux number corresponds to
normal measurement conditions with the Doppler drive on, for which this instrument has a dynamic range
of 30µeV, for comparison with the 1 meV dynamic range of the ESS instrument. With the Doppler drive
off, the dynamic range of the continuous-source instrument is not used, but the elastic flux is integrated
over the resolution width.
Instrument Parameters
Moderator
Moderator - Sample Distance
Wavelength Range
Energy Resolution
Dynamic Range
Q-range
Beam Size at Sample
Divergence at Sample
Sample to Analyzer Distance
Detector Technology
Detector Coverage
Sample Environment

Cold
156 m
2 Å - 8 Å
2 - 50 µeV for Si(111), 8 - 300 µeV for Si(311)
1 meV for Si(111), 7 meV for Si(311)
0.1 Å−1 - 3.8 Å−1
variable between 0.5 × 0.5 cm2 and 3 × 3 cm2
Up to ±3◦ / ±3◦ (Vertical)/(Horizontal)
2.5 m
3
He tubes
2 banks of 10◦ < 2θ < 170◦
Low and High Temperature, High Pressure, Humidity and Gas
control, Pump Probe

Backscattering Spectrometer
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High-Resolution Spin Echo

High-Resolution Spin Echo

Dynamics of biomolecules
Biological membrane
assemblies
Polymers
Cell function
Self-assembled colloids
Food science
Drug delivery systems
Confined systems

Used to measure slow dynamics, this instrument covers a broad
energy (10 ps - 1 µs) and Q-range (0.01 - 2 Å−1 ), but will be
optimised for the study of large structures, i.e. for measurements
at low Q. This makes the instrument particularly well suited for
the investigation of complex soft matter systems, proteins and other
biomolecules, dynamics under confinement and colloid physics.
The instrument is a high-resolution neutron spin-echo spectrometer,
using the neutron spin to encode very small changes in the velocity
of the neutron, thus decoupling the energy resolution and intensity.
This instrument reaches the highest energy resolution at the ESS.
It is optimised to provide maximum flux on the sample, at the
expense of reaching higher Q-values. Due to the large wavelength
bandwidth a very large time and spatial range can be covered within
one experiment.

Instrument Description
A total instrument length of 35 m allows for a usable wavelength band of around 8 Å, allowing for a broad
simultaneous Q − t-range to be accessed, with an excellent intensity and sufficient wavelength resolution.
The instrument will use superconducting solenoids for the main coils, allowing field integrals of more than
1 Tm to be obtained. The choice to use superconducting technology comes from the dual requirement of
high field integrals and excellent field homogeneity for reaching the very highest resolution. This technology for the main coils was first implemented at the SNS-NSE spectrometer and has been shown to work
well [196]. The optimised coil configuration is inspired by the IN15 renovation project at the ILL, and is
expected to lead to significant gains, since it will be possible to reach an equivalent Fourier time resolution
using a shorter wavelength than previously (alternatively, one can reach longer Fourier times using the
same wavelength).
pi/2-flipper

pi/2-flipper

pi-flipper sample

beam

main coil (1)

main coil (2)

detector
analyser

Sketch of the possible coil configuration for the high-resolution spin-echo instrument.
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For the correction elements it is planned to use two correction coils in each spectrometer arm. It is
assumed that performance of these coils will at a minimum match those currently used in high-resolution
NSE spectrometers. These combine two quadratic corrections x2 and y 2 to a radial corrective action r2
(Pythagoras coils). If new developments allow for the manufacture of sufficiently accurate radial correctors,
further enhancement of performance can be achieved.
Incident beam polarisation will be possible via an FeSi supermirror bender, although the option of using a
kink with a single reflection from a straight wall is also being considered. Both options perform well at the
longer wavelengths, which are critical for the resolution, but the bender is able to extend the performance
to shorter wavelengths. The polariser also plays the important role of bringing the instrument out of the
direct line of sight of the source.
The instrument will outperform current world-leading NSE instruments by at least an order of magnitude,
due to the source brightness, including an excellent flux at long wavelengths, the nature of the long-pulse
source, as well as the large field integral which will be achieved.
It is essential for the performance of the instrument that magnetic disturbances are minimised. The instrument will therefore be placed in the North sector of the main experimental hall, together with other
instruments which do not use cryo-magnets. In the north sector of the hall the beam height is 3.1 m,
which will provide extra distance from any magnetic impurities in the floor.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Wavelength band
Q-range (Resolution)
Fourier time range
Field integral
Beam Size at sample
Divergence at sample
Sample to Detector distance
Detector
Angular range
Sample environment

Cold
30 m
4-25 Å
8 Å
0.01 - 2 Å−1 (< 10%)
10 ps - 1 µs
>1 Tm
3×3cm2 , optional smaller pinhole
±0.5◦
5m
30 × 30 cm2 He 3 area detector
0 < 2 θ < 90◦
Standard temperature equipment, dedicated pressure cell

High-Resolution Spin Echo

Contour plot of the obtained echo as a function of wavelength at the high-resolution SNS-NSE
spectrometer.
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Wide-Angle Spin Echo

Wide-Angle Spin Echo
Novel materials Measuring slow dynamics over a wide simultaneous Q-range this
Battery materials instrument is able to reach up to Q = 4 Å−1 , while still achieving
Gas storage materials a good energy resolution (1ps - 100ns). The instrument is therefore
Polymers particularly well-suited for studies at high-Q in systems such as
Novel states of matter glass-forming polymers and magnetically frustrated materials,
Dynamics of biomolecules as well as for studying slow diffusional processes in for example
Biological membrane functional materials such as fuel cell membranes. With an excellent
assemblies Q-resolution it will also be well-suited for the study of crystalline
Cell function samples.
Food science It uses the neutron spin to encode very small changes in the velocity
Drug delivery systems of the neutron, thus decoupling the energy resolution and intensity.
Compared to the high-resolution spin-echo instrument, this is a
medium energy resolution instrument optimised for large scattering
angles and with a large detector solid angle, allowing for a very
broad simultaneous Q-range to be measured with a very high count
rate.

Instrument Description
The wide-angle spin-echo spectrometer is based on the SPAN@HZB / WASP@ILL designs [197]. For this
instrument the main coils are arranged in a ’quasi-anti-Helmholtz’ configuration, i.e. there are two circular
coils placed symmetrically above and below the horizontal scattering plane using opposite currents. The
field in the horizontal plane is then rotationally symmetric, allowing the use of a large detector bank.
The spectrometer will have a longer moderator-to-sample distance compared to the high-resolution spinecho instrument. While this means that the instrument will have a smaller useable wavelength band, it
provides a better wavelength, and hence Q-resolution, improving performance for studies of crystalline
samples. An optional pulse-shaping chopper will be used to further improve the Q-resolution at the expense of flux.
The instrument length allows for a wavelength band of 5 Å, which, compared to currently world-leading
instruments using a 10 % velocity selector, will lead to improvement in performance of up to an order of
magnitude - in particular at the shorter wavelengths, which is where the majority of the measurements on
this instrument will be done. Furthermore, compared to currently existing spin-echo instruments, there
will be a enhancement in performance from the use of the wide detector bank.
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Intermediate scattering function obtained for proton-conducting perovskites at Q= 1.05 Å−1 using
NSE [198]. The wide-angle spin-echo instrument at ESS will be well suited for this type of study of
energy materials at high Q-values.
The wide-angle spin-echo instrument will use normal-conducting wire for the main coils, with a diameter
of around 3 m, giving a total diameter of the instrument of 7 m. The expected field integral provided by
these coils is of the order of 0.3 Tm. Supermirrors will be employed for both the polariser and analysers.
It is expected that the polariser will be a bender, since the performance at shorter wavelengths, which are
key for reaching the highest Q-values, is better for this option. The polariser will also play the important
role of bringing the instrument out of the direct line of sight of the source.
The instrument will be placed in the North sector of the main experimental hall, where the floor height is
lowered to avoid magnetic interferences from impurities in the ground, together with the other instruments
which do not use cryo-magnets, since it is critical to the instrument performance that magnetic disturbances are minimised. It will therefore also be placed away from the high-resolution spin echo spectrometer
to avoid magnetic interference between the two spin-echo instruments.

Instrument Parameters
Moderator
Moderator - Sample distance
Wavelength Range
Wavelength band
Q-range (Resolution)
Fourier-time range
Beam Size at sample
Divergence at sample
Sample to Detector distance
Analysers
Detector Technology
Angular Coverage
Sample environment

Cold
50 m
3-15 Å
5 Å
0.01 - 4 Å−1 (< 5%)
1 ps - 100 ns
3x3cm 2 , optional smaller pinhole
±0.5◦ / ±1.0◦
4m
Supermirror
He-3 or B-10
-130 < 2 θ < 130◦
Standard temperature equipment, dedicated pressure cell, cryopad
[199]

Wide-Angle Spin Echo
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Fundamental & Particle Physics

Fundamental & Particle Physics

Neutron electric dipole moment
Origin of matter
Neutron decay
Neutron-antineutron
oscillations
The neutron as a quantum
wave
Neutron bound beta decay

A beamline for precision tests of the standard model, quantitative
understanding of the nucleon and its interactions, and searches for
new interactions and symmetries. Topics that may be addressed
with such a beam line include searches for nucleon-nucleon weak
interactions and possible exotic neutron interactions, and neutron
beta decay correlation measurements. These investigations require a
pulsed beam and would therefore benefit from a factor 10 gain over
existing beamlines.

Instrument Parameters

A versatile well-defined cold
neutron beamline with a versatile arrangement allowing a
broad range of fundamental
physics to be investigated. A
large experimental area allows
detectors to be exchanged, and
additionals, such as polarisation
and polarisation analysis to be
added.

Moderator
Moderator - Sample distance
Wavelength Range
Energy Resolution (elastic line)
Q-range (Resolution)
Guide geometry
Beam Size at sample
Divergence at sample
Sample to Detector distance
Detector Technology

Detector Coverage
Sample environment

Cold
70m
5- 30 Å
N/A
N/A
No line of sight to moderator
100 × 120 mm2
2◦
Up to 30m in length, 6m height
and width
Various: 3 He, Microchannel
Plates, Semiconductor, Scintillator
typically <10cm2
High accuracy polarisation and
polarisation analysis available

2.6. NEUTRON SCIENCE SUPPORT FACILITIES

2.6

91

Neutron science support facilities

ESS will be part of the future suite of European research infrastructures that will provide experimental
possibilities for research from both academia and industry. For its scientific success, ESS has to be
governed by the scientific needs of its users. This goal determines the outline of this section on science
support facilities. The outlined facilities are required independently of the different user access modes.
However, it is evident that these plans will evolve during the transition from construction to operation
depending on the policies adopted concerning user access modes (both proprietary and public), in-house
research, intellectual property and data ownership, scientific collaboration, education and outreach [32].
In the current situation, emphasis is put on scientific motivation as well as on defining interfaces and
requirements for building ESS facilities.

2.6.1

User programme, academic activities and sample handling

Extrapolating from data from similar user facilities, Table 2.2 summarises key estimated parameters for the
ESS user programme, which depend on the number of operational instruments, the number of beam days
available for research using neutrons and the average experiment duration. The number of operational
instruments will steadily increase from seven in 2019 to 22 in 2025. The duration of experiments varies
significantly over the instrument suite, defining both the level of ESS staff and support and the on-site user
presence required. Experience from other facilities indicates that experiment duration does not decrease
as quickly as instrument performance improves. Instead, improvements in instrument performance lead
researchers to undertake more challenging experiments, for instance, using a larger number of samples, or
undertaking more sophisticated measurements. In the period from 2019 to 2025, the average experiment
duration is therefore likely to decrease from five days initially to three days as full power is reached. The
available beam days for research using neutrons is expected to ramp up to about 225 days per year. Given
these assumptions, the number of experiments, users on-site and activated samples (sample lots) requiring
storage can be estimated. It is also assumed that three scientists visit for every experiment and stay for
the duration of the experiment plus one day. About 1.5 scientists per instrument will stay for some additional time, for example, for sample preparation and special instrument set-up. Therefore, facilities will
be available to meet the needs of 121 users on-site at any given time including workspace (office, computer
network access and library); networking (lecture hall, meeting rooms, and areas for social mingling); accommodation (guesthouse); catering (canteen and coffee shop); and recreational possibilities (gym). Rapid
and convenient transportation will be possible among scientific sites (ESS, MAX IV, Lund University) and
to Lund Central Railway Station at all times. Additional details are available in Sections 7.2.1 and 7.3.3.
The user office will be equipped with the IT tools necessary to run the user programme, which will
support researchers from the inception of a scientific idea through to publication. The user office will be

Parameter
Experiments
Number of operational instruments
Beam days available for neutron experiments
Average experiment duration in days
Number of experiments per year
Users
Average number of users per experiment
Total number of user visits per year
Typical number of users performing experiments
Typical number of users preparing samples or experiments
Typical total number of users on site at any one time
Lab space
Work spaces per instrument
Total number of work spaces
Storage for activated samples (stored for 2 years)

2020

2025

7
100
5
140

22
225
3
1650

3
420
25
10
35

3
4950
88
33
121

2
14
280

2
44
3300

Table 2.2: Estimates of user key programme parameters in 2020 and 2025.
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responsible for registering users and maintaining the web portal. It will administer the proposal system,
including evaluation, and the assignment and scheduling of instrument, equipment, and other resources.
It will handle user visits, including arrangements for travel, accommodation, safety training, and expense
reimbursement. And it will support virtual experiments, sample handling, user-specific data access, and
publication tracking. Details are presented in Section 2.8.2.
As outlined in the previous section, ESS will make possible experiments on challenging “real-world”
samples, which will be prepared, handled or investigated in diverse optimised sample environments, some
of them with extreme conditions, that could not be handled at earlier facilities. Users will be provided
with facilities for on-site sample preparation and conditioning. Since beam time is a precious resource, it
is crucial to assist users, ensuring the measured sample has the expected characteristics and has not, for
example, been damaged during travel. The facilities will complement those available at the home institute
or at more specialised local infrastructure, taking the special requirements of neutron samples, such as
isotope substitution or special containment, into account. The flow of samples at ESS is illustrated in
Figure 2.25.
Appropriate and safe handling are prerequisites for a successful research project. Samples have to
be handled safely before, during and after experiments at ESS, taking potential risks into account including radiological, biological and chemical hazards. Disposal routes for radiological, conventional and
chemical/biological laboratory waste will be established, and controlled access zones will be planned to
ease sample transport between the various laboratories. Logistic support and infrastructure (pathways)
will be provided to ensure safe and efficient transport of samples, equipment and users under controlled
environments, taking into account the size of the facility and the distances involved. (See also the general
discussion of facilities for handling samples in Section 7.3.)
The technical support required prior to and during a user visit is determined by the nature of the
specific experiment. Workshops with mechanical technical capabilities will often be required in close
to the instruments to prepare items in a timely manner. Following the recent trend at other neutron
facilities and in accordance with safety requirements, user laboratories in the controlled areas will all
provide the capability to condition the samples promptly before the experiment with adequate capacity to
accommodate users in accordance with the estimates presented in Table 2.2. These facilities will include
equipment for sample handling, preparation, and storage appropriate for different types of materials,
such as biological, active, or chemical materials. User laboratories will be cost-effectively grouped in
instrument halls each serving the scientific needs of several instruments. Most samples will arrive prior to
the experiment from the user’s home institute or other facilities and will be tracked and stored. After the
experiment, the samples will either be disposed of on-site or shipped back to the user’s home institute.

Characterise
Align
Condition
Mount

Generally done
by user, but
ESS support
when justified
Obtain
material or
prepare
sample

Ship
Register
Tag
Store
Dispose

Perform experiment
Data acquisition

Figure 2.25: Flow of neutron experiment samples, indicating core activities performed on-site (cyan), and
supplementary activities concerning sample preparation (purple) that require dedicated access modes and
intermediate involvement of the user group.
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In both cases, radiological activation will require special precautions and temporary storage in adequate
conditions for time periods ranging from a few days to up to two years, following guidelines described in
Chapters 10 and 11.

2.6.2

Laboratories for life science and soft condensed matter research

It is a great challenge for many experiments in biology and soft condensed matter (SCM) to obtain
the optimal sample, and to condition and characterise it properly before and during the experiment.
Successfully meeting this challenge calls for well equipped sample handling and characterisation laboratories
in the immediate vicinity of the instruments, and central support facilities for sample production techniques
specific to neutron experiments, particularly deuteration.
Most experiments in biology and SCM require the timely preparation and thorough characterisation of
the sample, either in situ or just prior to the experiment. Samples often have to be handled in a controlled
environment with respect to temperature, humidity and other conditions. For this reason, sample handling
and characterisation laboratories will be located very close to the instruments within the controlled zone.
These facilities will be open automatically to all users who have been scheduled for beam time.
Exhaustive, partial or selective deuteration of the sample material is often necessary in biological and
SCM research, either to reduce the incoherent scattering background or to provide contrast variation
to highlight molecules in multi-component systems. Since many potential users will not be experts in
producing and characterising deuterium-labelled sample materials, ESS will provide support and expertise
in these techniques in addition to the sample-handling laboratories. The effort and resources required
for this support are small in comparison to the cost of beam time and are more than justified by the
higher-impact experiments they will allow to be performed. The main categories of sample material that
benefit from these techniques are recombinant proteins, deuterated surfactants and polymers, and other
macromolecules for crystallography, SANS, reflectometry and spectroscopy experiments, and deuterated
lipids or other amphiphiles for SANS and reflectometry. Small quantities of other small molecules, such as
ligands and cofactors or pharmaceutical agents, are also required, and can usually be obtained by custom
synthesis. Biological and chemical perdeuteration are well established for nuclear magnetic resonance
(NMR) experiments, for example. Since not all users will have expertise in these techniques, ESS will
provide laboratories for both chemical and biological deuteration, and staff them with personnel competent
to help users with both techniques.
In neutron macromolecular crystallography, the main bottleneck is growing large, high-diffraction quality crystals. While the methods for growing protein crystals for X-ray crystallography are fairly mature,
they are optimised for producing crystals smaller than 50 µm, while neutron crystallography requires much
larger samples. A large majority of users will not be experts in the specialised techniques for optimisation
of large crystal growth, and will not possess the necessary equipment. Thus, ESS will provide a specialised
environment for protein crystallisation to support neutron macromolecular diffraction.

Sample handling and characterisation laboratories
Bulk sample characterisation equipment such as dynamic and static light scattering instruments, optical
and infrared spectrometers and densitometers will be available in the sample handling and characterisation
laboratories. Equipment for surface characterisation, such as an ellipsometers, quartz crystal microbalances, Langmuir troughs and contact angle goniometers will be provided. There will also be research-grade
optical microscopes available. Complementary measurements for small angle scattering and reflectometry
using X-rays will be provided either with laboratory X-ray equipment, or through easy and rapid access
to MAX IV beamlines. At full user operations, 30 to 40 people will use the laboratories at any one time.
The laboratories will be accessible from all the instruments applicable to SCM and biology.
The instrument layout envisaged for ESS will mean that the halls with instruments used for biological
and SCM experiments will need laboratory space within the controlled zone for sample handling and
characterisation, which can be grouped within the instrumental halls housing the relevant instruments,
but may also need to be duplicated or shared in some cases. When the sample can be safely transported
off-site to MAX IV or other facilities in Lund, these will provide additional access to a large suite of
specialist characterisation tools in a collaborative framework.
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Deuteration facilities
The ESS deuteration laboratory will provide all the necessary equipment for the production and purification
of deuterated sample materials, as well as access to characterisation techniques such as mass spectrometry
or NMR on a collaborative basis within the local academic environment. Recombinant proteins are typically
produced in a microbial host such as the bacterium Escherichia coli or yeast cells grown in D2 O with a
deuterated carbon source. Either shaker flasks or specialised fermentors are used for the culture, depending
on the quantities required.
The production of deuterated lipids and many synthetic compounds, such as polymers and surfactants,
is generally achieved either by exchanging the hydrogens in a chemical reactor or by extracting natural
compounds from cells grown in deuterated media. The former option involves process chemistry and
custom synthesis techniques in which few users have expertise and for which commercial suppliers do not
exist, so a dedicated ESS laboratory is well justified. The extraction method is in many ways similar to the
production of deuterated proteins in microbial cultures and will be realised using large-scale fermentors
as part of the biological deuteration facility. Having facilities for both chemical and biological deuteration
on-site will allow ESS to create synergies by using one approach to produce raw materials for the other
(e.g. sugars for chemical modification, or specially synthesised amino acids or other small molecules for
labelling proteins or as precursors to synthetic compounds).
For routine projects, the facility will operate in service mode, but for more challenging projects, users
will be expected to send personnel for an extended stay. Such extended stays will have the added advantage
of building user expertise in these techniques to support future research. Because the techniques and
equipment for protein expression and purification are not specific to perdeuteration, the ESS deuteration
facility will be able to be part of a larger platform such as the LP3 protein production platform at Lund
University. This will offer economies of scale, and will also allow efficient sharing of expertise between
ESS and the university and provide a stimulating scientific environment. The deuteration laboratory will
also actively develop labelling methodology. The expected mass for deuterated protein when ESS is in full
operation with 22 instruments is more than 10 g of pure protein per year from more than 100 constructs
with more than 20 users at any one time.
Biocrystallisation facility
A biocrystallisation facility will provide users with access to equipment and expert support in obtaining
the largest crystals possible, thus reducing data collection time. Equipment for controlled crystal growth
using both temperature and concentration as variables will be provided. While the number of users at any
one time will be about five, storage and automated visualisation of the crystals will be provided for more
than 50 projects per year. Based on those requirements, the deuteration and biocrystallisation facility
will consist of about 750 m2 of laboratory space situated outside the controlled zone. These laboratories
may be located within the joint infrastructure for ESS and MAX IV. While the laboratories for sample
handling and characterisation will be available to all users coming for an experiment, both deuteration
and biocrystallisation facilities will require specific access modes.

2.6.3

Laboratories for chemistry, physics and materials science

Chemistry, physics and materials science researchers will require sample conditioning and preparation
facilities (including adequate storage space) located as close as possible to an instrument, preferably with
separate facilities for non-radioactive and radioactive samples. These laboratories will be equipped with
four or five-decimal place balances so that sample absorption corrections can be calculated, and with gases
(air, nitrogen and argon/helium) so that samples can be loaded under inert atmospheres in glove bags and
cells.
Chemistry laboratories
Well equipped chemistry laboratories, occupying about 100 m2 per instrument hall, will be used not only
for ex situ sample conditioning but also to support in situ equipment on the instruments. Several hundred
users per year will use the chemistry laboratories. The instruments requiring support in the form of
chemistry laboratories are spread out in all instrumental halls, implying replication of chemistry facilities.
Two to three groups of three scientists are expected to require access to the chemistry laboratory space

2.6. NEUTRON SCIENCE SUPPORT FACILITIES

95

dedicated to a given instrument at any one time. Equipment will include dedicated fume cupboards for
each user group for work with organic solvents, plus an additional cupboard for acids; wet and dry glove
boxes; bench space; vacuum and drying ovens for samples and glassware; a densitometer; ultrasound-bath;
die press to make pellets; refrigerators and freezers providing both conventional cooling and -80◦ C for
delicate samples; a cold room; general laboratory equipment; and access to acids, bases, solvents and
general chemicals. One of the chemistry laboratories within the instrumental halls will house a chemical
storage facility; furnaces for annealing samples under gas flow and under air (up to 1500◦ C); dielectric
spectroscopy; thermogravimetric analysis and differential scanning calorimetry.
Physics laboratories
Due to its sensitivity to both magnetic and structural properties, condensed matter physics is a core
business for neutron scattering. Because of the different energy scales governing the properties of the
sample, requirements for extreme conditions in terms of temperature, magnetic field, and pressure are
significant. Neutron experiments often require in situ measurements of magnetic and other electronic
properties to link results together. To prepare for these in situ measurements, but also for supplementary
ex situ measurements on the same samples prior to and/or after the neutron experiments, a dedicated hard
condensed matter laboratory is required. The equipment will be compatible with the sample environment
used on the instrument, including some of the sample environments for extreme conditions. The laboratory
will contain basic measurement equipment for magnetic susceptibility, electrical resistivity and specific heat.
For many experiments, cutting, orienting, co-aligning and mounting the sample is a prerequisite.
Mounting samples will require on-the-spot tailored mounts manufactured in on-site workshops. Coalignment may be (semi)-automated using robotics. Both gluing and bonding may be used to mount
samples. Equipment for sample cutting and polishing will be available. A single crystal neutron alignment
facility will be provided for sample quality control and orientation, which will be complemented by X-ray
equipment.
Laboratories for highly radioactive samples
Actinide-based samples, special isotopes and other highly activated samples will be handled in dedicated
laboratories, enforcing approved handling procedures. Equipment will include glove boxes; equipment for
container leak testing, sealing and/or encapsulation; and dedicated storage space. The facilities discussed
in this paragraph will be co-located with the spaces required for sample environment (as discussed in
Section 2.7) due to their close link with extreme sample environment. Laboratories for highly radioactive
samples will be located within the controlled zone in order to deal with sample activation.

2.6.4

Facilities for engineering and other research areas

Engineering facilities to handle bulky real world samples will be provided for material scientists, geoscientists and cultural heritage scientists from both public and private institutions. The engineering and
geoscience facility will consist of several laboratories with at least 150 m2 surface area placed in close
proximity to the materials science & engineering diffractometer and also accessible by users of the multipurpose imaging instrument. The facility will be accessible to lorries and its floors will have a load carrying
capacity of 5 tonnes per square metre. Rooms will be provided for user support, sample environment, materials characterisation and storage. Computers for data analysis and integrated workstations for laser
scanning, robotics, and instrument setup will be available to the users.
The sample environment laboratory will be equipped with an overhead crane with a 5 tons load-bearing
capacity and the ability to store large pieces of equipment. It will also be equipped with typical in situ
equipment, including a variety of servo-hydraulic testing rigs and power supplies, furnaces, electrical supplies (piezoelectric), laser scanner, robots and sample changing equipment. The materials characterisation
laboratory will be built with vibration-proof flooring and exhaust pipes. Automated hardness tester,
laboratory X-ray machine(s), microscope, metallurgy suite, SEM, 3D measurement systems, welding and
deformation equipment will be available. A safe room will be provided for the storage of irradiated and
precious samples, such as irreplaceable works of art, archaeological artefacts, and palaeontological specimens.
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Laboratory work space

Location

Number of
user group
work spaces

Life sciences & soft condensed matter
Extended preparation
Controlled zone
Basic preparation
Controlled zone
Deuteration and biocrystallisation
On site or in science village

Area
[m2 ]

6+extra
12

250
300
750

zone
zone
zone
zone

6+extra
4+extra
extra
12

250
200
25
300

Engineering & cultural heritage
Engineering
Controlled zone
Cultural Heritage
Controlled zone

2+extra
2+extra

200
100

Chemistry & physics
Extended chemistry
X-ray and physical characterisation
Radioactive samples
Basic chemistry

Controlled
Controlled
Controlled
Controlled

Table 2.3: Estimated requirements of laboratories indicating location, the number of workplaces for teams
of 3 persons each and the approximate area. User groups are assumed to consist of 3 persons, on average,
each requiring 25 m2 of work space. The basic preparation laboratories will be distributed among the
different instrument halls.

2.6.5

Laboratory work space requirements

Table 2.3 summarises the requirements for the laboratories that will be constructed (but not equipped) as
part of the conventional facilities activities discussed in Chapter 6. The work space per experimental team
is estimated to be 25 m2 , but extra space will be required for one of the topical laboratories grouping the
more advanced equipment.

2.7

Instrument support and neutron technologies

State-of-the-art neutron scattering instruments require sophisticated hardware components and systems to
fully exploit the unique source characteristics of ESS. Following established best practice at other leading
facilities, technical groups will maintain, test, diagnose and improve existing hardware solutions. Critical
instrument components will be matched by groups specialising in detector systems; chopper systems;
neutron optics and polarisation; sample environment; and electronics, hardware units, motion control and
personal protection systems. These groups will be able to provide technical expertise and experimental
support once ESS starts operating neutron scattering instruments. They will manage standardisation of
systems, parts and components; have access to spares; and be prepared to provide rapid response in case
of either mechanical or electronic failure of critical components to minimise the loss of valuable beam time.
In addition to service, the neutron scattering instruments will require specific research and development
activities over their lifetime, and the lifetime of the facility as a whole. The groups will carry out R&D
in conjunction with European partners. This implies not only sufficient staffing levels but also dedicated
workspaces, labs and assembly areas, indicated in Table 2.4. Delivery, installation and development of
instrument components will continue well into the operations phase.

2.7.1

Detector systems

Neutrons are indirectly detected by a nuclear interaction in a converter material, which leads to the
destruction of the neutron in the process. The daughter products of this nuclear interaction are then
characterised electronically by the detector. Most flagship instruments at current sources use 3 He gas as
this converter material. New kinds of neutron detectors that are not based on 3 He are urgently needed,
due to the very limited availability of 3 He. For this reason, the ESS detector group was established in
2010. Good progress on R&D has been made since then, but detector development will continue into the
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Support group

Workspace functions

Detector

Gas storage
Mechanical and electronics lab
Assembly area
Mechanical and electrical workshop
Operational area
3
He polarisation area
Mechanical and glass workshop
Assembly area
Mechanical and electrical workshop
Gas storage
Preparation and test area
Mechanical and electrical workshop
Storage
Assembly area

Chopper
Neutron optics

Sample environment

Electrical engineering

97

Controlled
access

Total
area
[m2 ]
410

Yes
Yes
Yes

180

Yes
Yes
Yes

380

360

300

Table 2.4: Laboratory requirements for individual technical groups performing instrument support. Some
group laboratories will be inside controlled access areas. The sample environment lab space might be
subdivided and located to accommodate needs in different instrument halls. Assembly, operational, and
preparation and test areas will all have a crane capacity of at least 2.5 tonnes.

construction phase. A strong core detector group is foreseen in Lund, and extensive collaborative links
have been established. The aim of these collaborative links is twofold: to build up a core of competence
in detector development in the Lund region to support needs during the ESS construction phase, and
to develop capacity in Europe to provide detectors for ESS. The goal is to develop detectors that costeffectively meet the needs of ESS’s instruments and enable them to contribute to cutting-edge research
from 2019 onwards.

3

Helium supply

In the last few years, demands for 3 He have increased, mainly due to U.S. Homeland Security programmes,
which in the past five years have used 85% of the U.S. supply; in turn, much of this supply has been met
by the depletion of reserves. Since the end of the Cold War, production of this rare gas has been very
limited because its main source is the radioactive decay of tritium [201]. This has led to shortages and
unaffordable prices (>50 times pre-crisis norms), especially for users outside the U.S. [202], and an urgent
need for alternatives to 3 He-based neutron detectors for large scale neutron research facilities [201–203].
The need is especially critical for new large-area neutron detectors. Over the past few years, several
observers have predicted that existing facilities would require in excess of the complete U.S. supply of 3 He
by 2012 [201, 202]. The severity of the supply shortage is illustrated in Figure 2.26. Requirements for ESS
instruments were not included in these estimates and would increase this demand further.
Recently, the situation has eased slightly for U.S.-based users [204], with a limited supply being made
available for scientific usage, although this is not expected to significantly change the situation for European
users. These factors put 3 He out of range for any future request for large- and medium-area neutron detectors. This dilemma was recognised by the neutron research community in 2009, and led to the formation
of the International Collaboration for the Development of Neutron Detectors, ICND [205], to investigate
and develop alternatives for large-area detectors. In particular, three joint research activity (JRA) working
groups were formed focusing on scintillator detectors, 10 B thin film gaseous detectors and BF3 gaseous
detectors. In the discussion below, extant technologies such as image plates and scintillator/CCD imagers
are not mentioned. Although they are well proven technologies, and readily available, they have poor time
resolution, which makes them inappropriate primary detectors for ESS’s flagship instruments.
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Figure 2.26: Global supply and demand situation for 3 He gas in bar-litres as reported in late 2011 [200].
The demand here excludes the requirements of ESS and other future spallation sources.
Detector requirements for the instruments
The estimated detector requirements for the 22 reference neutron scattering instruments outlined in this
document are summarised in Table 2.5.
10

Boron thin film gaseous detectors

One possible replacement for 3 He for neutron detection is the boron isotope 10 B. 10 B has a relatively
high neutron absorption cross section, resulting in an absorption efficiency of 70% compared to 3 He, at
a neutron wavelength of 1.8 Å. Naturally occurring boron contains 20% of 10 B. Due to the almost 10%
difference in mass from the other boron isotope, 11 B, it is relatively easy to separate the two isotopes. A
detector based on 10 B absorption of the incident neutrons typically contains aluminium sheets that are
coated with 10 B4 C (boron carbide) layers. The nuclear reaction results in lithium and helium ions. Both
the 7 Li and 4 He ions can be detected, with both temporal and spatial resolutions, in a detecting gas. Due
to a reduced escape probability for the reaction particles with increasing depth of the events (typically a
few microns), a detector, on which the neutrons impinge at normal incidence, will be based on consecutive
multiple (∼30) thin (1 µm) conversion layers, consisting of 10 B-containing films, which will be traversed
by the neutrons. To overcome the reduction in escape probability with depth, it is also possible to incline
the layers at high angles to increase the effective interaction length, without adversely affecting the escape
efficiency. This has the additional benefit of potentially improving the position resolution for a given
readout segmentation. It does, however, complicate the design of such a detector; such a configuration is
termed an “inclined geometry” detector.
The potential of boron thin film gaseous detectors is evidenced by the resources devoted to research in
this area. There are presently more than 10 ongoing R&D efforts, featuring both “normal” and “inclined”
geometry configurations. The discussion below will concentrate on three illustrative well-advanced developments – one aimed at normal geometry detectors, one towards inclined geometry and one that seeks to
match the two approaches. A more complete overview of the promising results can be found in the papers
and talks from a recent workshop [206]. These detectors offer the potential for 3 He replacements at a price
that is competitive with the historical costs of 3 He detectors. High quality coatings containing 10 B are
the primary ingredient for these boron thin-film gaseous detectors. Since pure boron is a poor conductor
and oxidises readily in air, boron carbide, which is stable and an electrical conductor, is typically chosen.
However, strain in boron carbide layers can be very high, with the result that layers thicker that a few
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Instrument
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Detector
area
[m2 ]

Wavelength
range
[Å]

Time
resolution
[µs]

Spatial
resolution
[mm]

Multi-purpose imaging

0.5

1 - 20

1

0.001 - 0.5

General purpose polarised SANS
Broad-band small sample SANS
Surface scattering
Horizontal reflectometer
Vertical reflectometer

5
14
5
0.5
0.5

4
2
4
5
5

100
100
100
100
100

10
1
10
1
1

Thermal powder diffractometer
Bi-spectral powder diffractometer
Pulsed monochromatic powder diffractom.
Material science & engineering diffractom.
Extreme conditions instrument
Single crystal magnetism diffractometer
Macromolecular diffractometer

20
20
4
10
10
6
1

0.6 - 6
0.8 - 10
0.6 - 5
0.5 - 5
1 - 10
0.8 - 10
1.5 - 3.3

< 10
< 10
< 100
10
< 10
100
1000

2×2
2.5 × 2.5
2×5
2
3×5
2.5 × 2.5
0.2

Cold chopper spectrometer
Bi-spectral chopper spectrometer
Thermal chopper spectrometer

80
50
50

1 - 20
0.8 - 20
0.6 - 4

10
10
10

10
10
10

Cold crystal-analyser spectrometer
Vibrational spectroscopy
Backscattering spectrometer

1
1
0.3

2-8
0.4 - 5
2-8

< 10
< 10
< 10

5 - 10
10
10

High-resolution spin echo
Wide-angle spin echo
Fundamental & particle physics

0.3
3
0.5

4 - 25
2 - 15
5 - 30

100
100
1

10
10
0.1

Total

-

20
20
20
30
30

282.6

Table 2.5: Estimated detector requirements for the 22 reference instruments in terms of detector area,
typical wavelength range of measurements and desired spatial and time resolution.

tens of nanometres spall off [207–212]. Development efforts have concentrated on overcoming these effects
and on developing techniques to deposit layers of the required thickness (several µm) at reasonable cost
over several square metres.
The Thin Film Physics Division at Linköping University, in collaboration with ESS, has used an industrial physical vapour deposition DC magnetron sputtering system to develop an appropriate recipe
for depositing boron carbide [213, 214]. A system has already been designed to scale up this deposition
approach to larger areas. The deposition system is shown in Figure 2.27, alongside scanning electron
microscopy (SEM) cross sections of deposited layers on a silicon substrate, which show an amorphous film
with a dense columnar structure and a smooth surface. Elastic recoil detection analysis (ERDA) measurements of the elemental composition of the layers show a very low level of impurities and approximately 80%
composition of 10 B, demonstrating that high quality layers can be produced with few impurities. During
2011, 7 m2 of coating was produced during a 10 day period, showing that high rates of production can be
obtained from such a deposition system.
An alternative approach for the fabrication of thin-film boron carbide by the Helmholz-Zentrum
Geesthacht (HZG) group is also very promising; here a large deposition system, developed specifically for
depositing very flat X-ray mirrors over long lengths for the European X-ray Free Electron Laser (XFEL),
has been used. This approach concentrates on depositing the highest quality layers over a larger area at
one go. It is possible to deposit adhesive, stable, continuous, natural, 10 B-enriched and µm-thick conver-
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Figure 2.27: Thin film vapour deposition by magnetron. Left: Physical vapour magnetron deposition
system at Linköping University. Middle: Typical cross-sectional SEM images, showing boron carbide thin
films deposited onto silicon at substrate temperatures of 100◦ C and 400◦ C. Right: ERDA measurement
of elemental composition of the 10 boron carbide thin films.

sion layers on thin aluminium plates over large scales up to 0.1 m × 1.5 m. The interior of the deposition
chamber is shown in Figure 2.28. The thickness deviation is below 4% over the whole deposition area due
to the high precision and good stability of the sputtering facility. The ratio of boron to carbon is 3.6, which
is similar to that of the sputtering target content. Furthermore, the elemental and isotopic composition is
uniform in depth. The contents of oxygen and nitrogen are quite low, less than 5%.
In addition, chemical vapour deposition (CVD) techniques for boron carbide coatings have been looked
at, though mostly unsuccessfully, with one notable exception. The advantage of chemical vapour deposition
is that irregular surfaces can be coated with uniform thickness. However, when ordinary thermally activated
CVD is used at substrate temperatures below 500◦ C, the impurity level is high, which results in inferior
neutron detection efficiencies [215]. Low temperature CVD techniques are being looked at to improve the
coating’s properties. Coating with gadolinium, another potential neutron converter material, with the
highest neutron cross section of all elements, is also under investigation [216].
To demonstrate the feasibility of these new technologies for the large-area detectors needed for some
instruments, a programme of prototypes is foreseen. In summer 2011, the 10 B thin films collaboration

Figure 2.28: Large-area thin film deposition of boron carbide. Left: Deposition chamber at HZG. Right:
Boron carbide layer thickness across the substrates.
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between ILL, ESS and Linköping University successfully completed a 3 He-free prototype detector with
a 2 cm × 10 cm active area with 30 10 B conversion layers, each 1 µm thick) [217, 218]. The prototype
was tested on the CT2 test beamline at ILL, as can be seen from Figure 2.29. This proved the feasibility
of constructing and assembling such large-area detectors. The results from the initial tests show that
the performance of the detector agrees well with results obtained from simulations. The efficiency of the
detector has been determined experimentally to be about 50% for neutrons with a wavelength of 2.5 Å.
Insensitivity to gamma background at the 10−5 to 10−7 level has also been shown.
The strategy for this stage of research is to produce modules for existing instruments that replace 3 He
modules, so that their performance can be evaluated directly against that of existing 3 He detectors. The
first such demonstration took place on the IN6 instrument at ILL in late 2012. Design and construction
of a full scale module (2.4m2 ) for the flagship IN5 instrument [219] at ILL will follow during 2013 to 2014.
Due to the larger number of layers typically needed, the 10 B thin film detectors will need approximately 15
times as many channels as are needed for 3 He detectors. This leads to a roughly commensurate increase
in the maximum rate of operation for the detector for a fixed design, increasing the requirements for
electronics, which are addressed later in this section. To illustrate the potential of 10 B thin film detectors
incorporating an inclined geometry, an extreme inclined geometry can be considered, in which the angle
of incidence is such that the neutron is absorbed in a single layer. Such a prototype is shown under test in
Figure 2.30. Impressive efficiencies were achieved in this proof of concept. Full-scale prototypes are now
planned, and work towards a full demonstration module of this detector technology is moving forward.
There has been an effort at FRM-II to develop a cathode design that provides an efficiency superior
to that of a planar cathode of the same active area. The increased efficiency of the single layer will allow
Figure 9: 2.29
a reduction in the number of cathodes needed in order to reach the desired efficiency.
This will lead to
a decrease in the number of electronic channels, size and cost of the detector. The investigated design
consists of grooves of a certain height with an opening angle of 45 degrees separated by small flat portions
in the double-sided format shown in Figure 2.31. This approach makes it possible to use the inclination of
the boron layer to increase sensitivity without altering the physical volume of the detector. The design of
the cathode has been optimised using the GEANT4 simulation package. Such calculations indicate that
cathodes with grooves higher than 2 mm are up to 40% more efficient than a planar cathode of the same
active area, as can be seen in the plot in the right hand panel of Figure 2.31. The performance of various
cathodes with grooves of various heights and coated with 3 µm of enriched 10 B4 C was investigated with
a moderated Cf-source and a well-defined neutron beam of 4.7 Å at the TREFF beamline at FRM-II.
The transmission and efficiency of the various cathodes were measured by making use of a multi-wire
proportional counter, which also allowed evaluation of the charge collection efficiency for each design.
Good agreement with theoretical predictions has been observed.
The next step is to incorporate the optimal cathode design into a detector prototype. Such a detector
prototype would simultaneously demonstrate the performance of the macro-structure cathode concept and
that of the flat-cathode, multi-layer 10 B thin film’s multi-wire proportional counter.
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Figure 2.29: Prototype tests of thin film technologies. Left: Prototype under test
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ILL. Right: Measurement of γ efficiency as a function of anode wire voltage.
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Figure 2.30: Prototype tests incorporating 10 B thin films. Left: HZGFigure
prototype
with thin films at very
12: 2.30
small angles (one or two degrees) to the incident neutron under test at the REFSANS time-of-flight
reflectometer at FRM-II. Right: The efficiency of detection measured as a function of incident neutron
wavelength for two angles of incidence (1 degree and 2 degrees) and for two thicknesses (250 nm and
1000 nm).
Small area 3 helium detectors
There may be a class of instruments for which 3 He gaseous detectors remain the appropriate technology
choice, despite the scarcity and cost of the 3 He gas. These are instruments for which small areas need
to be covered with high efficiency; hence the requirements in terms of bar-litres of 3 He are small. ESS
does not plan to build any 3 He detectors in-house. Any requirements for 3 He detectors will be met from
parties who already possess the appropriate expertise, and who already supply the community with these
detectors, such as ILL or commercial companies.
BF3 gas detectors

Efficiency ratio grooved/flat

Historically, BF3 detectors were superseded by 3 He detectors, due to safety considerations and the superior
detection properties of 3 He detectors. As part of the ICND activity, HZB and ILL are exploring potential
ways to overcome the shortcomings of BF3 detectors. BF3 is extremely toxic, corrosive and reactive, so the
safety issue is the biggest problem, in particular for testing, handling and transport. Even during stable,
steady-state detector operation, BF3 represents a constant risk. Therefore, BF3 is viewed as a backup
1.6
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Figure 2.31: Coated grooved cathodes for improved detection efficiency. Left: Photograph of two coated
grooved cathodes indicating h, the height of the grooves. Right: Ratio of the efficiency of grooved cathodes
compared to flat cathodes of the same active area, as a function of the groove height. Lines show the
calculated ratios while points show measured values.
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detector technology of last resort for ESS instruments.
Scintillator-based detectors
Neutron detectors based on solid state scintillators have been in use for a long time and offer some attractive
properties with respect to installations at pulsed-source instruments. The relatively high density of the
scintillation material allows for thin (∼mm) neutron converters with high detection efficiency and a well
defined interaction point of the neutron. As a result of the low thickness, scintillation detectors also have
almost no parallax effects and usually offer a high time resolution for neutron capture. Today, Li-glass or
LiF/ZnS scintillators are most often used for neutron detection. The properties of neutron scintillation
detectors depend heavily on the scintillation material and the light detection method. “GS20” glass
scintillators with 6.6 percent by weight of enriched 6 Li are desirable for high rate detectors. Scintillators of
this type have a fast light emission decay time of about 60 ns. With scintillation material about 1 mm thick,
they offer a detection efficiency of about 75% for thermal neutrons. The gamma sensitivity of Li-glass is
strongly dependent on the gamma energy. The detection of gammas can be suppressed by discrimination
methods for gamma energies of less than 1 MeV, but gamma detection is an issue for higher energies, as
gammas at these energies produce a light yield equivalent to that of neutrons.
Ceramic scintillators based on a mixture of LiF and ZnS are also often used for neutron detection.
These scintillators have a very high light yield, but, unfortunately, both components are opaque. Thus,
due to the self-absorption of the emitted light, the thickness of the scintillation material is limited to
450µm to 500µm, which impacts detection efficiency. Another drawback of such scintillators is the rather
high decay time of the light emission, which is a few µs and which limits the count rate capability. The
gamma sensitivity can be reduced to 10−5 by pulse shape discrimination methods. The light detection
within scintillation detectors is usually performed by photomultiplier tubes (PMT), which present a well
proven technology that is easy to operate. However, operation in magnetic fields is an issue due to the
deflection of the internal electron current, which can partly be cured by Mu-metal shielding.
The high light yield of LiF/ZnS scintillators offers the possibility of a fibre-based readout of the scintillation light, which is an appropriate method for large area neutron scintillation detectors of several square
metres. One example is the detector for the general materials (GEM) neutron diffractometer, in operation
since 2009 at the ISIS pulsed neutron source [220]. It has 77 modules with 1152 PMTs and a total of
7270 elements for readout. The detector modules are equipped with a LiF/ZnS scintillator from which the
light of the converted neutron is captured by a clear fibre and transported to a photomultiplier tube. The
position reconstruction is done by a fibre combination over a selection of photomultiplier tubes.
Wavelength-shifting fibres
Another option for fibre-based readout of the LiF/ZnS scintillation light is the use of wavelength-shifting
fibres (WSF), an approach first applied at the powder diffractometer POWGEN at the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory [221]. This instrument (though presently only fractionally
instrumented due to budgetary constraints) requires a detector array with large, 6 mm × 40 mm, pixels and
an area of several square meters. The detector uses a two-dimensional grid of wavelength-shifting fibres to
collect the scintillation, with the fibre axes parallel to the scintillator screen. The fibre ends for each pixel
go to a specific set of four photomultiplier tubes, so that the position of each event can be determined by a
4-tube coincidence system developed for GEM. A corrugated and grooved 6 LiF/ZnS scintillator is used that
shows a detection efficiency comparable to a 6.6 bar 3 He tube. The observed maximum light yield with the
6
LiF/ZnS neutron scintillation screen, summed over four tubes, is greater than 200 photons/neutron, which
is about 0.13% of the 180,000 photons/neutron produced in the scintillator. This light yield is sufficient
to allow pulse discrimination between neutron signals and gamma-ray background. These modules are
commercially available [222].
At the Japan Proton Accelerator Research Complex (J-PARC), a compact, high position-resolution
neutron imaging detector prototype was developed with 0.5 mm thick wavelength-shifting fibres sandwiched
between two LiF/ZnS scintillator screens [223]. The prototype detector exhibited a position resolution of
0.5 mm, which would be very useful for neutron scattering experiments, for which high resolution and the
lowest possible amount of dead area (non-sensitive regions) are mandatory. The detector of the SENJU
instrument at J-PARC – a time-of-flight Laue single crystal diffractometer – will be established with
1 mm thick WSF sandwiched between two B2 O3 /ZnS scintillators of optimised thickness [224]. Thirty-one
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Figure 2.32: Prototype of a small wavelength-shifting fibre detector under test. Left: At the instrument
HEIDI at FRM-2. Right: Reconstructed image of a diaphragm measurement with two holes, each with a
2 mm diameter.
modules, 30 cm × 30 cm each, will form the total detector area of 2.8 m2 . The pixel size will be 4 mm2 .
An efficiency of 40% has been measured with a prototype at 1.6 Å.
As WSF-based detectors are viewed as advantageous for future large-area scintillation detectors, they
are currently objects of research at several neutron scattering labs, as well as in other disciplines. At
Forschungszentrum Jülich (FZJ), studies of light emission and detection are being carried out with a small,
4 cm × 4 cm detector prototype and precise time stamping readout electronics, as shown in Figure 2.32.
These studies aim to develop suitable event recognition algorithms, which may improve detection efficiency
and gamma discrimination. Additional gains in WSF detector performance may be achieved by further
optimisation of the fibre-bending radii and of the fibre and scintillator arrangement. Also, the light
detection at the end of a single fibre and the readout electronics may be improved. The use of multi-anode
photomultipliers with chip-based readout electronics would allow for a compact detector design. There are
currently several WSF detector prototypes under preparation at different groups that should yield further
improvements of this detector technology.
The Anger method
One possibility to realise position-sensitive neutron detectors is through the Anger method [225], as shown
in Figure 2.33. In this approach, the light produced by a neutron event is spread by a disperser glass on
an array of light detection devices. By analysing the signals of the light detection devices, the position
of the neutron capture can be derived. The position resolution largely depends on the light yield of the
scintillator and is to some degree adjustable by the dimensions of the light detection devices. The two
SANS instruments, KWS-1 and KWS-2, which are in operation at the Munich reactor FRM-II, are both
equipped with position sensitive Anger-based scintillation detectors, as illustrated in Figure 2.33. The
detectors have an active area of 60 cm × 60 cm and consist of a GS20 6 Li glass scintillator of 1 mm
thickness and an 8 × 8 array of photomultipliers of 7.5 cm diameter each [226, 227]. Measurements at
KWS-1 and KWS-2 showed that the detectors provide a statistical count rate capability of 150 kHz at
10% dead time with a maximum count rate of 60 kHz and position resolution of less than 6.3 mm.
For a higher position resolution, the size of the light detection devices can be reduced. For example,
the single-crystal diffractometer TOPAZ at SNS is equipped with Anger camera modules of 15 cm × 15 cm
active area, with GS20 6 Li-glass scintillator as neutron absorber and a 3 × 3 array of multi-anode H8500
flat panel-photomultiplier tubes from Hamamatsu for light detection. A position resolution of 1.0 mm
has been achieved. These modules are becoming commercially available [222]. If the modularity to cover
larger areas is not needed, a more straightforward technique to obtain such a position resolution is the use
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Figure 2.33: The Anger method of neutron detection. Left: Schematic of the setup
of an
Figure
14:Anger
2.33 camera.
Middle: Mechanics of the KWS-1 Anger detector with 64 photomultiplier tubes during construction at
FZJ. Right: Demonstration of the image quality at KWS-1 during a measurement with a triblock.
of position sensitive photomultipliers; the subsequent position reconstruction is carried out by the pulse
division method [228]. A statistical count rate capability of 60 kHz at 10% dead time can be achieved with
such detectors. There are ongoing efforts to improve the performance of Li-glass-based Anger detectors.
Tapered based solutions, in which the number of light detection devices is lower, may lead to a reduction in
the cost of Anger detectors. At FZJ, the silicon photomultiplier (SiPM) technology for light detection with
on-board chip-based readout electronics also is being evaluated. With the considerably higher pixellation of
these devices, a drastic increase of count rate capability may be achieved simultaneously with an inherently
higher position resolution. This technology would also allow for operation in a higher magnetic field.
It is reasonable to expect that a significant fraction of ESS instruments might employ scintillator
detectors. In analogous ways to designs for 10 B thin film detectors, inclined geometry configurations
might be incorporated in the design to increase performance, in particular with respect to resolution and
efficiency.
Micropattern devices
Micropattern device detector technology is a fast-paced and active multidisciplinary field. The development
of micropattern detectors originated in neutron scattering, with the invention in 1988 of micro-strip gas
counters (MSGCs) at ILL, which were first used on the D20 instrument there. Since then, many species
of micropattern devices have emerged, and they have become widely used in other fields. Several options
exist or are being investigated for neutron detection, and such devices will certainly be part of the mix
for ESS instruments [229]. In general, the advantage of these devices is that they excel in performance in
terms of count rate capability and/or resolution. Count rate capability is likely to be a limiting issue for
several ESS instruments, and superior resolution will open up potential new applications. The Gd-MSGC
detectors developed at Helmholtz-Zentrum Berlin (HZB), which are shown in Figure 2.34, consist of a
0.5-1.5 µm-thick gadolinium conversion layer, in which the electrons are emitted as part of the nuclear
conversion (with an 80% probability) and are further amplified by a CsI layer immediately on top of the
Gd layer. The electrons then enter a gas mixture (such as Isobutane or Ar/CO2 ), and the subsequent
ionisation of the gas is detected on a micro-strip plate, which has x-y patterns laid down on glass, allowing
a 2D measurement to be made. These detectors have the potential to achieve resolutions of up to 100 µm
with suitable algorithms, and a very good rate capability. The gamma rejection capability has not yet been
evaluated, and further work will also be needed to investigate methods to reduce manufacturing costs.
Gas electron multipliers (GEMs) concentrate the electric field in small holes in an insulating Kapton
polyimide foil to amplify the signal. The mechanical simplicity of such devices means that they have the
potential to be deployed on a larger scale. One such neutron-sensitive device, CASCADE, is already commercially available in a 20 cm × 20 cm format, and is in use on two instruments at FRM-II. Developments
are ongoing to increase the efficiency of such devices and their range of applications. Developments have
also started on ’Micromega’ detectors, using a boron conversion layer. There is another category of detectors, typically used at present for neutron imaging applications, which aim at the highest possible spatial
resolution. Micro-channel plates are one type of detector belonging to this category. In micro-channel
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Figure 2.34: A micropattern detector using Gd-MSGC. Left: Concept. Right: Microstrip plate pattern.
plates, the neutron is converted in boron-loaded glass or plastic, and the signal is amplified in the microchannel walls by a cascade of secondary electrons. Studies of the potential of such devices have been made,
and developments are already underway to demonstrate their operational potential for the future IMAT
instrument at ISIS. Semiconductor detectors have made a huge impact in other disciplines, as they are able
to combine very high spatial and time resolution with good rate capability. More recently, larger areas
have been shown to be feasible. A suitable semiconductor device that is sensitive for neutron detection
is not currently available; however, there have been several studies showing proof of principle. Given the
tendency for instruments to acquire better resolution over time, it is likely that neutron semiconductor
detectors will become available for a growing niche of applications.
Table 2.6 summarises the matrix of possible options for detector technology to fulfil the requirements
of the reference instrument suite. Minimising the cost of these detectors for the instruments is a key factor
in the options presented here, as is ensuring that ESS instruments deploy state-of the-art detectors at
the time that they become operational. The above discussion makes clear that while the detectors for
the majority of ESS instruments rely on upcoming developments, for most instruments robust secondary
technological options exist, as shown in Table 2.6.
Detector electronics
Electronics are a key consideration for detectors for ESS instruments. Three factors in particular drive the
importance of electronics:
1. The larger detector active area needed by ESS instruments.
2. The push to superior spatial resolution for detectors, which increases the channel count quadratically.
3. Technologies such as the 10 B thin film detectors, micropattern detectors, and scintillator detectors,
which are designed to operate in high rate environments, and which therefore drive the channel count
per unit area much higher than has been the case for previous generations of instruments.
High channel count rates have several implications. It is estimated that electronics will represent half the
cost of the detectors for instruments, so attention needs to be paid to this issue. While generic solutions
should be applied where possible, some optimisation is likely to be needed for each instrument class, and
for detector species. As an illustration of the growth in channel count requirements, the IN5 instrument at
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Instrument
10

B thin films
⊥
k
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Detector technology
Scintillators 3 He
Micropattern
WSF Anger
Rate Resolution

Multi-purpose imaging

-

-

-

-

-

o

+

General purpose polarised SANS
Broad-band small-sample SANS
Surface scattering
Horizontal reflectometer
Vertical reflectometer

o
o
o
-

+
+
+
o
o

-

+
+
+
+
+

o
o
+
+

+
+
+
o
o

-

Thermal powder diffractometer
Bi-spectral powder diffractometer
P-M powder diffractometer
MS engineering diffractometer
Extreme conditions diffractometer
Single crystal diffractometer
Macromolecular diffractometer

o
o
o
o
o
o
-

+
+
+
+
+
+
o

+
+
+
+
+
+
o

o

-

o
o
o
o
o
o
+

+

Cold chopper spectrometer
Bi-spectral chopper spectrometer
Thermal chopper spectrometer

+
+
+

o
+
+

o
o
+

-

-

-

-

Cold crystal analyser spectrometer
Vibrational spectrometer
Backscattering spectrometer

-

o
o
o

-

+
o
+

+
+
+

-

-

High-resolution spin echo
Wide-angle spin echo

-

o
o

-

o
o

+
+

+
+

-

Fundamental & particle physics

-

-

-

-

+

+

+

Table 2.6: Appropriate detector technology options for the 22 reference instruments. The detector technologies are grouped into perpendicular (⊥) and inclined (k) neutron incidence geometries for 10 B thin film
detectors; wavelength shifting fibres (WSF) and Anger cameras for scintillator detectors; and 3 He detectors
and high count rate and high resolution detectors for microstructure and imaging detectors. In the matrix
of options, ‘+’ indicates that this technology is presently seen as a strong possibility, ‘-’ indicates that it
is a disadvantageous technology for this instrument, and ‘o’ means that it is considered an option, though
not the primary one.

ILL [219] has 375 tubes with double-ended readout, resulting in a total of about 750 electronics channels.
An equivalent instrument at ESS using 10 B thin film detectors may have a channel count of several tens
of thousands. This means that while channel-economising techniques such as charge division, and channel
sharing might be employed, the electronics also need a step change. It can be expected that the single
channel electronics presently used will be replaced by integrated ASIC chips, which digitise the analogue
signals at a very early stage. It can also be expected that the subsequent digital processing will take place
before the readout data acquisition stage – to some extent on the ASIC, but also possibly in FPGAs in the
front-end electronics or in the data acquisition cards in the readout crates. In terms of data format, it is
also the case that nearly all instruments will use “event mode”, in which each neutron interaction detected
“event” is read out, rather than a “histogramming mode” summarising the data. It is possible, given
the processing power that will be available in the readout electronics, to produce the histogramming data
parasitically. Such ASICs and readout electronics are complicated solutions; however there are already
several quite suitable possibilities as prototypes for ESS electronics that have been identified. These
approaches have been used extensively in other disciplines.
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One contemporary example, developed for the Gd-MSGC prototypes mentioned above, relies on such
an ASIC/FPGA combination for the high channel count and degree of processing required to determine the
resolution to sufficient accuracy. The CASCADE detector electronics are already commercially available.
They are shipped in units of up to 256 channels. These were developed within the high energy physics
community ten years ago, but have been specifically adapted to neutron scattering. Another possibility
identified and being investigated is the 2000-channel crate demonstrator developed within the EUDET
project. This already offers the correct channel density in a single unit. For certain high resolution
applications, pixelated chips, such as the MEDIPIX series (MEDIPIX and TIMEPIX) or the PSI series
(such as PILATUS or EIGER) may be appropriate. Such chips typically come with highly specialised and
adaptable readouts.
While significant effort will have to go into characterising and evaluating these options, it is encouraging
that a number of suitable options already exist at an affordable price. This means that the high channel
count should not be seen as posing undue risk; in fact, to fully take advantage of the ESS long pulse
source without saturating instruments — as happens presently at many instruments — it is only logical
to progress to more sophisticated detector electronics. The timing system, and time distribution between
parts of the detector, must be fully integrated into the readout electronics. This is important both for
operation, and for calibration purposes. As such, the site-wide timing system should be used. The timing
system will be a part of the integrated control system (ICS). It is described in more detail in Section 5.2.6.
Parts of the ICS extended and implemented by the DMSC will be already be integrated into the readout
during the prototype stage.

Standards
To optimise the performance of instruments and to minimise operational and lifetime costs, strict standards
will be defined for all detectors and associated electronics and software. In terms of detector technologies,
all options will need to be qualified as appropriate for ESS applications. Dedicated prototyping for all
instruments is planned, as well as demonstration on extant instruments, to determine performance and to
enable objective comparisons between options for detector technology. In terms of front-end and readout
electronics, crates, timing and control software, there are numerous interfaces between groups at ESS. Care
will be taken to ensure that this is managed smoothly. The imposition of standards on such items serves
multiple goals. It helps to ensure that detector systems are easy and cheap to maintain, and have a known
level of reliability. The level of expert help and number of hot spares needed is also reduced. Settling
on a limited number of solutions for electronics, for example, has the potential to significantly reduce the
per-channel cost of the electronics, which are expected to be a large part of the cost of detector systems.
At the same time as ESS imposes standardisation, care will also be taken to ensure that there are several
vendor options, and that single-source supplier problems are avoided.

Laboratories, workshops and testing facilities
In order to accommodate different activities within the Detector Group, specific laboratories and workshops
are necessary. The requirements are indicated in Table 2.4. Dedicated testing facilities for detectors at the
Institute for Energy Technology (IFE) in Kjeller, Norway have been secured. IFE will provide the Detector
Group with full access to two dedicated beam lines (R2D2 and beam line 10), as well as assistance during
the operations carried out on these instruments.

2.7.2

Chopper systems

Chopper systems are one of the principal building blocks of all neutron spectrometers, and will be present
in one form or another on nearly all of the instruments. The pulse structuring and waveband selection
functions performed by neutron choppers are central to instrument performance at all facilities, and will be
critical to unlocking the full potential of the long pulse source. However, systems performance will not be
judged in isolation but also in terms of equally important operational criteria such as serviceability, maintainability and accessibility of the individual systems and units in order to ensure the highest instrument
availability achievable.
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Period

Phase

2013
2017
2020
2030

Technology development
Day-1 suite of 7 instruments
Full complement of 22 instruments
Upgrade potential

–
–
–
–

2016
2019
2025
2035
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Prompt pulse
suppression T0

Bandwidth

Fermi
E0

4
6
10
8

6
27
77
30

2
32
10
5

Table 2.7: Time frames and counts for different styles of neutron choppers systems.
Instrument requirements
At ESS, choppers will be required to perform all the functions typically encountered on instruments at
other facilities, but they will also face a number of new challenges specifically due to the source’s pulse
characteristics. Functions such as pulse shaping, pulse suppression, coarse and narrow bandwidth selection
and background noise reduction will be required. A number of system architectures and mechanical
configurations or types are envisaged, and strategies are under study as part of instrument concepts. The
implementation of techniques such as frame rate multiplication [230] and advanced guide systems are
envisaged and are poised to push beyond the performance envelope of current chopper systems, requiring
ESS to engage with new developments. Current estimates for the number of axes required are represented
in Table 2.7. The equipment supply schedule is based on the instrument installation program with chopper
system deliveries advanced by approximately one year to permit systems testing and integration prior to
installation on site, as shown in Figure 2.35.
Operational requirements
Serviceability, maintainability, and accessibility (SMA) of chopper systems is of crucial importance. The
reliability and availability of chopper systems is often wrongly viewed as secondary to neutronic performance. ESS will not make this mistake. SMA criteria will figure highly in the design, development and
implementation of chopper systems in order to reduce the “lost time due to component failure” (LTCF),
and keep instrument availability high. In order to ensure that all issues relating to systems’ SMA are

Figure 2.35: Delivery schedule for neutron chopper systems.
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considered holistically, all steps of the design, procurement and integration process will either be carried
out or overseen by the group’s personnel. Since many of the choppers will be located close to the monolith,
assuring ease of access for maintenance or repair will be an important issue in the design of instruments.
Best practices at existing facilities will be used as guidelines.
Diagnostics
In order to maintain the highest degree of equipment reliability, and to provide advance warning before
failure, all chopper units will be equipped with sensors to monitor critical functions. These systems will
also permit the optimisation of maintenance schedules, and in case of breakdown, will provide valuable
information to the crew, assisting with the diagnosis of the causes of failure and with preparation before
repair work starts, thus reducing the number of lost neutron beam days.
Radiation damage and activation
Many devices will operate in high-radiation environments within heavy beamline shielding, often close
to the target monolith. In particular, the T0 choppers will be directly exposed to high integrated doses
of radiation. These extreme conditions are expected to result in the premature degradation of directly
exposed and adjacent components and significant component activation. The negative consequences will
be mitigated in the design and the selection of materials, however, and parallel irradiation tests on critical components will be carried out. Component activation accumulated during service may reach levels
such that it becomes a hazard to personnel during removal and maintenance operations and, as a result,
personnel shielding and remote handling equipment will be used.
Standardisation
At existing facilities many additional costs during installation and running of chopper systems can be
attributed to the complexity of maintaining a heterogeneous park of equipment. ESS will mitigate these
issues by standardising chopper systems and subsystems across the facility wherever possible. Through
the standardisation of components, such as spindles, control systems and housings, development costs are
spread, parts inventories are decreased and larger order volumes offer potential for cost reductions through
lower per unit prices. At the same stroke, maintenance procedures are simplified, reducing errors, and
tooling and equipment obsolescence issues can be considered in a holistic manner. One of the principal
tasks of the Chopper Group during the pre-construction phase has been to establish the range of chopper
parameters for the future instrument suite and to study the feasibility of developing a suite of modular
chopper platforms to fulfil all requirements with combinations of standardised parts. The “platform”
approach will permit the majority of systems to be built up from common components yielding improvements in SMA during maintenance, and LTCF during operation. The platform will also form a basis for
the development of special “one off” machines for particular requirements. This approach will require dedicating resources to the design and development of chopper platforms. However, the in-house knowledge
and capacity will ensure that the group is well equipped to provide effective support to instruments and a
degree of independence from suppliers.
Procurement
The procurement strategy for this equipment is heavily dependent on that of the facility as a whole. Due
to the complexity and limited market for these systems, only a handful of suppliers exist worldwide and a
limited range of products is available. Where commercial systems conforming to established ESS standards
are available at an acceptable cost, external procurement is the preferred option. However, the equipment
presently on offer cannot meet the complete range of requirements. A number of well developed systems are
commercially available for pulse-shaping and bandwidth-limiting applications typically performed by either
(light) disc or (light) Fermi choppers. In order to preserve serviceability and reduce maintenance costs
through standardisation, ESS will develop and enforce strict specifications concerning the type and supply
of critical components such as spindles and controllers. Currently, no commercial systems are available for
prompt pulse suppression at a long pulse facility. T0 systems have unique engineering requirements and all
devices installed today result from in-house efforts at the various facilities. In these circumstances, systems

2.7. INSTRUMENT SUPPORT AND NEUTRON TECHNOLOGIES

111

Figure 2.36: Parallel axis prompt pulse T0 choppers. Left: Developed at J-PARC. Right: Developed at
ISIS.
have been designed and developed in-house by group personnel before being manufactured externally, and
ESS will follow this approach.
Prompt pulse T0 choppers
T0 choppers are designed to block fast neutrons and gamma rays generated during the prompt pulse.
As the proton beam is incident on the target, highly energetic particles are produced, which are not of
use in experiments and which, if permitted to propagate, would generate background radiation and noise
on instrument detectors. The T0 chopper’s role is to block this pulse by closing the beam with a thick
absorber of high cross section material, and to open rapidly permitting the slower, useful neutrons to pass
though. Choppers for this application, such as those shown in Figure 2.36, will be equipped with thick
metallic rotors and rotate at a multiple of the source frequency with precise phasing to match the proton
pulse. Due to the high mass in rotation, ensuring adequate support is paramount to performance and
reliability. Devices typically employ contact bearings on each side of the rotor, which places upper limits
on rotational frequency. A number of magnetically suspended, perpendicular axis machines (Fermi type)
have been developed at Forschungszentrum Jülich (FZJ). These devices are well suited for applications
for which higher rotational speeds are essential, while the bandwidth limitations and limited absorption
characteristics of this type of rotor are acceptable.
Engineering challenges
The necessity of employing massive rotors, and operation at high rotational speeds, generate high loads
on machine components and bearings in particular. High standards of engineering design and execution
are required in order to ensure safe operation and high neutronic performance. Experience from existing
facilities has shown that the frequency and elevated costs of maintenance are critical issues on these devices. Current designs often demonstrate operational lives much shorter than those of other instrument
components, requiring regular outages for overhaul or replacement. In this respect, replacing the conventional bearings with zero maintenance magnetic bearings would be a major step forward. A considerable
development effort driven by ESS offers strong promise of producing a successful design for the very heavy
rotor using this technology. Preliminary research is being pursued with the FZJ Magnetic Bearings Group.
Choppers for bandwidth limitation and pulse shaping
Bandwidth limiting and pulse shaping functions on thermal and cold neutron beamlines are typically
performed by parallel-axis, disc rotor-type choppers. Neutrons of cold and thermal energies are readily
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absorbed by, for example, boron supported by a light aluminium or reinforced plastic disc rotor. Openings
in the rotor permit the passage of neutrons and phasing the openings of multiple rotors permits pulse
shaping and/or neutron energy selection. For this purpose, these choppers typically require an opening
angle that is tuned to meet the wavelength requirements of a particular experiment. Bandwidth-limiting
choppers rotate at some multiple or sub-multiple of the source frequency and in phase with the source.
For applications requiring lower rotational speed, aluminium rotors and conventional bearings are often
employed successfully and cost effectively. Two examples are pictured in Figure 2.37.
At slow and intermediate rotational speeds, stress levels are sufficiently low to allow the construction
of rotors in high strength aluminium alloy. This material is easily machined, and gives design flexibility to
optimise rotors to different guide dimensions and to varying window openings for experimental purposes.
For applications requiring higher rotational speeds, carbon fibre-reinforced (CFR) rotors are preferred due
to their superior mechanical properties, and magnetic bearings are favoured because the service life of
contact bearings becomes unacceptably short at very high speeds and in vacuum. A recent design study
achieved a maximum rotation speed of 27,500 rpm (until failure of the disc) with a CFR disc and TOFTOF geometry [231]. The limitations of the current design have been identified and further development
will in all likelihood result in discs with a diameter of about 600 mm that can be operated at approximately
28,000 rpm [232].
Fermi or E0 choppers
E0 choppers are designed to transmit only a very narrow bandwidth of neutrons and/or to define very
narrow pulses of neutrons. They are typically used on instruments employing time-of-flight (TOF) techniques, rotating at a multiple of the source frequency with very precise phase control. When employed in
combination with large neutron beam cross sections, or high energy neutrons, rotor weight can be high,
on the order of 40 kg. Due to the high rotation speed, often above 600 Hz, Fermi choppers are supported
on magnetic bearings and operate under vacuum. Despite the high performance of these systems, experience shows that reliability can be excellent, with systems running for periods of years with minimal
or no maintenance. Certain experiments on some instruments require the ability to modify the energy
resolution of the chopper. This is achieved by equipping the cavity in the rotor with a slit package or
other optical devices that can be exchanged. The facility requirements of E0 choppers, rotors and rotor
payloads have been estimated based on data from other facilities. A limited range of Fermi choppers and
light rotors is commercially available, however, they do not cover the full range of requirements for ESS
instruments. Meeting some of these requirements will demand a considerable development effort driven by
ESS to produce a successful design in partnership with industrial partners. Efforts to address this issue
have already begun with FZJ.
As a result of their high rotational speed, the rotors of Fermi choppers possess significant kinetic
energy which present a hazard to unprotected personnel during operation. At ESS, where large rotors

Figure 2.37: Choppers with aluminium discs and conventional bearings Left: 1.2 m chopper developed at
ISIS. Right: A carbon fibre-reinforced rotor developed at Technical University Munich.
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may be required to suit large guide cross sections, kinetic energy could become a major issue. Efforts
are currently underway to replace heavy Fermi choppers with an array of small and very fast rotating
pencil-like choppers [233], as shown in Figure 2.38.
Facility standards and Infrastructure
The neutron chopper systems will be designed taking into consideration facility-wide software and hardware
standardisation and maintainability. The chopper systems will be fully integrated into ICS including the
ICS-supported safety systems.
Laboratories and workshops
Currently, two areas within the facility have been set aside for the establishment and operations of the
neutron chopper group. A chopper development laboratory of 80 m2 has allocated lab space close to the
experimental hall. In this area, chopper prototype assembly and testing will be carried out. Three test
cells, two mechanical and one electrical, are planned for this area, along with equipment for high precision
and balancing work. Within the experimental hall, a further 100 m2 have been allocated for the chopper
operations facility in which the group’s integration, inspection, commissioning and maintenance functions
will take place, as is indicated in Table 2.4. Within the area, a small workshop with dedicated machine
tools will permit final adjustment of parts during construction, and repair of damaged components.

2.7.3

Neutron optics

The performance of the neutron scattering instruments will rely on bespoke neutron optical systems finely
tailored to the requirements of the individual instruments. These systems will transport and condition

Figure 2.38: Fermi (E0 ) choppers. Left: An operational FZ Jülich “heavy” Fermi chopper installed on
HET at ISIS. Middle: A recent “heavy” Fermi prototype developed at FZJ. Right: Pencil Fermi concept
developed at FZ Jülich.
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Figure 2.39: Measured reflectivity curves of supermirrors from one of three specialised vendors. Courtesy
of Swiss Neutronics.
the neutron beams to provide the best performance reasonably achievable. At the same time, the design
goals include minimising experimental background, elimination of magnetic materials from sensitive experimental areas, maintaining a safe working area, and protecting the environment from the final waste
footprint.
Optical requirements for the instruments
Broadly speaking, the optical requirements are similar for each instrument:
1. Performance. Maximum transport efficiency of the neutron beam, while offering good rejection of
neutrons that lie outside the required phase space for the desired instrument resolution.
2. Clean signal and safety. Strong suppression of background contributions, both continuous and
time structured, including the attenuation of cross-talk between the beamlines.
3. Long component lifetime. Once installed, the systems should operate for a minimum of 10 years
without replacement.
4. Spin polarised beams. Many instruments require a carefully prepared spin polarised beam with
a well controlled magnetic environment.
Performance
The highest quality neutron guides will be used with the most modern, advanced supermirrors. Reflectivity
is measured on an m-scale relative to natural nickel (m = 1), which has the largest critical angle of total
external reflection for neutrons. Mirrors with larger m values are made by depositing supermirrors, which
are comprised of a large number of layers of nickel and titanium. Supermirror fabrication is a specialised
and complex process, and modern supermirrors offer high reflectivity across a wide angular range, as
illustrated in Figure 2.39. Beam delivery systems based on ballistic neutron guide geometries [234], and
the special case of ballistic guides forming an elliptic shape [235], meet the needs of the chosen instruments
and have been adapted on a case-by-case basis to the specific geometrical requirements of the neutron
beam. Both ballistic guides and elliptic guides reduce the number of reflections in the guides. This
increases the performance of the instruments considerably for beam transport over large distances, and
provides maximum scientific return on capital investment.
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It is generally advantageous to avoid a direct line-of-sight to the target monolith. For shorter instruments, this requires a deflection of the neutron beam through large angles of more than one or two degrees.
Neutron guides with multiple channels known as “benders” are used to steer the neutron beam, in a manner similar to the way fibre optic connectors work. For a number of instruments, a bender design offers the
best balance of simple, efficient beam delivery, and good rejection of unwanted short wavelength neutrons
and high energy particles from the target monolith.
Focusing elements
For experiments in which small samples require an increase in the neutron flux at the expense of angular
resolution in one or more axes, there are a number of technologies available, including both mature approaches and recent innovations. The method of shaping the final sections of the supermirror to match a
conical section shape is well established [236, 237]. For more demanding, optically precise measurements
based on reflective elements, Walter optics can be deployed [238, 239]. Refractive elements are also available, either in the form of compound refractive lenses (CRL) [240], or Fresnel lenses [241]. Each of these
technologies has relative merits and drawbacks, which are evaluated in light of the requirements of the particular experiment and sample size. Decisions about deploying these technologies across ESS will be made
on a case-by-case basis, taking into account considerations of cost, operational reliability and performance.
Supermirrors for adaptive optics and background reduction
One of the challenges in focusing on extremely small samples is aligning the focusing element with the
sample. To facilitate the study of very small samples, several adaptive focusing devices are currently being

Figure 2.40: Adaptive optics and shielded neutron guides. Top: Adaptive optics elements developed with
collaborators at PSI, Switzerland. The red arrows show actuators that bend the shape of the mirror, so
that the neutron beam focusing can be adjusted for each experiment. Bottom left: In-pile guides shrouded
in steel. Bottom middle: Shutter guides shrouded in steel. Bottom right: Steel sandwich guides. Courtesy
of Mirrotron.
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tested at PSI [242]. One way to adjust the focusing characteristics of a neutron guide is to change the
curvature of the focusing device. The photograph at the top of Figure 2.40 shows how the bending of
a uniform substrate by five actuators, in one of three different concepts that have already been investigated and measured at the BOA beamline at PSI’s SINQ. Minimising the background from neutrons and
gamma rays is essential for productive experimental facilities, for providing a healthy working area, and
for protecting the environment by minimising activation and waste. ESS will use proven methods to block
unwanted neutrons and gamma rays around the neutron beams based on knowledge gleaned from decades
of operations at facilities around the world. These include neutron guides clad in neutron-absorbing boron,
and gamma-absorbing steel and concrete, in combination with other hydrogenated materials, so that, to as
large a degree as is reasonably achievable, only the clean neutron beam is transmitted into the experimental halls. An example of shielded guides for use in the shielding walls near the neutron source is shown at
the bottom of Figure 2.40. Many of the instruments will be obscured from the neutron source by avoiding
a direct line-of-sight back to the moderator. Those that are not so situated will be heavily shielded from
neighbouring instruments. In all cases, the beam delivery system will employ multiple absorbing materials
to reduce the quantity of high energy particles that contribute to the background as far as is reasonably
achievable, taking into consideration cross sections and interactions over the full energy range to the ceiling
of 2.5 GeV that the proton beam provides.
Radiation and heat-tolerant supermirrors
It is essential that the capital investment in ESS results in a reliable facility with minimum disruption to
operations caused by component failure. The neutron beams are designed so that the optical components
will have an expected life time in excess of 10 years with only monitoring and minor preventative maintenance required. Achieving this becomes more challenging near the source of the neutrons, due to heating
and radiation damage. Where necessary, ESS will deploy radiation-tolerant and heat-tolerant materials in
these areas to ensure a long life without degradation in performance over time. Two examples are shown
in Figure 2.41.
Spin polarising supermirrors
Spin polarising supermirrors based on various multilayer systems, such as Fe/Si and FeCoV/TiNx, are
used in neutron instrumentation to provide a polarised neutron beam and to analyse the polarisation of
the scattered beam. The multiple magnetic and nonmagnetic layers have different scattering contrasts for
neutrons with either up or down polarisation. Moreover, the internal stresses of the multilayer systems

Figure 2.41: Radiation and heat tolerant neutron guides. Left: Metal substrates are radiation and heat
resistant, and can be reliably made in complex geometrical shapes. Right: Radiation and heat resistant
guides made from Zerodur Glass-Ceramic, which can be finely machined.
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are manipulated in such a way that the polariser can be used in its remanent state. In particular, FeCoV
polarisers have the property that the magnetisation can be induced with an external magnetic field of
only 2−4 mT. This feature makes the FeCoV polariser very important if polarisation is needed together
with a cryomagnetic sample environment. PSI is developing polarisers based on FeCoV/TiNx technology
in partnership with ESS. The 60 degree supermirror analyser based on FeCoV/TiNx multi-layers shown
in Figure 2.42 was built and tested at SINQ at PSI in 2011. It reached a polarisation of more than 95%
with a transmission of 45% for the spin-up component at 5 Å. The main feature of the device is that the
assembled 960 polarisers are positioned without any gaps. The present limitation of the FeCoV polariser
is the maximal m value of around 3. The goal of the project is to increase the quality of the polariser
– a higher m value without a significant decrease in reflectivity – and to reduce the potential for 60 Co
activation.
3

He devices

The long neutron pulse requires that polarising devices at ESS be effective over a broad wavelength band,
and be able to cope with an increased angular acceptance. Conceptual designs of an in-beam spin exchange
optical pumping (SEOP) analyser, which can be used for a small angle neutron scattering instrument, are
currently being developed with partners at FZJ and TUM [243]. For inelastic spectrometers, the key
technical problem is to cover both a wide range in scattering angle and a broad wavelength range with the
neutron spin analyser. Another area of ongoing research addresses this need [243] by developing improved
3
He wide angle cells.

multi-layers

Figure 2.42: Spin polarising supermirror analyser. Top: Reflectivity curves (spin up and down) for a FeCoV
polariser. Bottom: Wide angle analyser (60 degrees) without gaps based on FeCoV/TiNx polarisers.
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Neutron optics simulation software
In partnership with ESS, PSI in Switzerland and DTU in Denmark are developing the capability to merge
advanced simulation software used in the nuclear industry (MCNPX) with neutron modelling software
(McStas), enabling ESS to design its neutron beams with a better idea of backgrounds and beam transport
simultaneously in the same piece of software. Furthermore, DTU and Copenhagen University in Denmark
are using these tools to study the background and shielding requirements of the very long guides that
ESS necessarily needs to maximise instrument performance. In order to validate the recently developed
software, a real experiment was performed at the BOA beamline at PSI, in which a beam was split and
one half of the neutrons passed through a polyethylene block. Figure 2.43 shows the agreement between
the simulation and the measured data. Other aspects of this work are discussed in Section 3.2.8.
Technology deployment
The technologies described in this section may be matched on a case-by-case basis to the instruments,
in order to establish the total requirements of the facility, as shown in Table 2.8. While the addition
of polarisation analysis may be an attractive option for many, if not all, of the instruments later in the
lifetime of the facility, there are a number of instruments for which polarisation is extremely important
from day one of operations. These instruments are labelled “Y” in Table 2.8.

2.7.4

Sample environment

Sample environment plays a key role in the success of a neutron user facility – the control and variation
of parameters such as temperature, magnetic or electric field, pressure, humidity or material deposition
(including liquid, vapour and gas flow) is in almost all cases an essential part of a neutron experiment.
These sample parameters have to be provided in a very reliable way and over a broad range. Temperatures
from mK to thousands of degrees K, magnetic fields from “zero” to 17 T, and pressures up to several GPa
are standard at contemporary leading neutron sources. Examples of sample environment infrastructure
are shown in Figure 2.44. ESS’s high flux imposes special requirements on sample environment devices,
beyond simple provision of broad access to parameter space. Waiting times – for example, for temperature
equilibration or for sample changes – will be minimised for optimal beam time usage. Automatic sample
handling and positioning by means of robotic machines will be adapted to the various instrument needs and
to the specific sample environment system (e.g. low temperature cryostats and magnets). Some sample
environment systems can be very bulky, circumstances in which neutrons compare advantageously to Xrays, for which the photons are rapidly absorbed. A modular approach is planned, with interchangeable
sample environments for standard experiments, combined with highly specialised sample environments for

Figure 2.43: Comparison of simulated and measured neutron beam profiles. Left: Simulation of a neutron
beam profile using MCNPX and McStas together. Right: Measurements on the BOA beamline. The large
central peak in the simulated data is suppressed on the actual instrument by curving the neutron guide,
so it does not appear so prominently in the measured data. The beam is split into two parts before the
adaptive optics shown in Figure 2.40 refocuses the two beams while leading the left beam through a block
of polyethylene, causing its peak height to be reduced.
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Instrument

Wavelength
range
[Å]

Neutron optics technology
3

He

SM

FO
Y

Multi-purpose imaging

1 - 20

Y

Y

General purpose polarised SANS
Broad-band small sample SANS
Surface scattering
Horizontal reflectometer
Vertical reflectometer

4 - 16
2 - 13
4 - 10
2 - 9.5
5-9

Y

Y

Y

Y
Y

Thermal powder diffractometer
Bi-spectral powder diffractometer
Pulsed monochromatic powder diffractom.
Material science & engineering diffractom.
Extreme conditions instrument
Single crystal magnetism diffractometer
Macromolecular diffractometer

0.5 - 6
0.8 - 10
0.6 - 10
0.5 - 5
1 - 10
0.8 - 10
1.5 - 3.3

Cold chopper spectrometer
Bi-spectral chopper spectrometer
Thermal chopper spectrometer

1 - 20
0.8 - 20
0.6 - 4

Cold crystal analyser spectrometer
Vibrational spectroscopy
Backscattering spectrometer

2 - 10
0.4 - 5
2-8

High-resolution spin echo
Wide-angle spin echo

4 - 25
2 - 15

Fundamental & particle physics

5 - 30
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AO

BG

Bdr

Y

LOS
Y

Y
Y

Y
Y

Y

Y

Y
Y

Y

Y

Y
Y
Y

Y
Y
Y

Y
Y
Y

Y
Y

Y
Y

Y

Y
Y
Y

Y

Y
Y
Y
Y
Y

Y
Y

Y

Y
Y
Y

Y

Y

Y

Table 2.8: Instrument-by-instrument deployment of neutron optics technologies. Key: SM: Polarised supermirrors; FO: (Removable) focusing optics, either supermirror-based or refractive; AO: Adaptive optics;
BG: Ballistic guides; Bdr: Bender guides; LOS: Line-of-sight optics straight to the moderator would benefit
these instruments at short wavelengths.
highly specialised neutron experiments. Standardisation of mechanical dimensions and software interfaces
will ease the fast exchange of sample environment devices. Sophisticated equipment, controls and cabling
can be highly complex. Standardisation of procedures and systems, following best practice in leading
institutions worldwide, will be the guiding principle to efficiently use valuable beam time [243]. ESS will
continue to seek input from the user community through science symposia and workshops during the
construction phase of the facility, in order to identify requirements, facilities, and desirable features related
to sample environment that will make the most productive scientific use of the beamlines.
Low temperature and magnetic fields
Desirable features for low temperature and magnetic field sample environments include superconducting (symmetric and asymmetric) vertical and horizontal cryomagnets (using liquid helium and/or dry
cryo-cooler technology) to provide the highest available magnetic fields; modular low temperature inserts
(dilution and 3 He); pulsed high field magnets (≥ 40 T) with fast repetition rates; cryogenic polarisers that
allow access to magnetisation distributions in molecular magnets, nanoscale samples, et cetera, on powder
diffractometers; and magnets with arbitrary orientation relative to the scattering vector, which are useful
for investigating complex magnetic structures including multiferroics.
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Figure 2.44: Typical sample environments addressing, for example, low temperature, soft matter or material science applications. Left: Cryogen-free dilution refrigerator. Middle: Shear cell. Right: Custom
made load frame for material testing. Required modifications to allow existing hardware to be used on the
instruments will be done by the Sample Environment group in close collaboration with the manufacturers.
High or low temperature in combination with pressure
Desirable features for sample environments that combine high or low temperatures with pressure include
vacuum furnaces with high heating and cooling rates and in situ reaction chambers up to 1800◦ C. Levitation furnaces that are part of the European NMI3 project will greatly improve the ability to assess
materials at higher temperatures (up to 3000◦ C) and will have an important impact on research about
high temperature innovative materials. Also desirable are dedicated and optimised pressure cells that, for
example, reproduce conditions found deep within the earth’s crust that are of interest to the geophysical
community, but which could also address other scientific problems and needs (e.g. hydrogen storage).
Combinations of temperature T (varying from mK to 3000 K and offering high heating and cooling rates),
pressure p (varying up to e.g. 1 GPa), magnetic field B (varying up to 20 T or even higher for pulsed
magnet options) will be possible. Combinations of parameters suited for approaches such as quantum
magnetism studies or the application of electric fields to study multiferroics will be made available.
Soft condensed matter
Desirable features for soft condensed matter sample environments include shear cells in which the shear
direction is perpendicular and/or parallel to the neutron beam direction; sample cells for fast and accurately
controlled variation of temperature and pressure; in situ liquid handling on ml and µl volume scales [242] to
be used, for example, on SANS instruments or reflectometers; stopped flow devices for SANS and surface
studies; kinetic experiments with variable external parameters such as temperature, humidity controlled
environments, controlled gas environments; and hybrid pump-probe laser techniques.
Material science
Desirable features for material science sample environments include furnaces for the application of high
temperatures such as vacuum furnaces up to 1800◦ C or levitation devices to reach even higher temperatures; load frames for the application of external forces, combined with temperature and/or torsion. Such
devices must allow for rotation of the sample in the neutron beam to accommodate, for example, texture
measurements, which are of interest to the geophysics community, among others; and equipment that
allows for dynamic thermo-mechanical testing of materials (e.g., dilatometer deformation system and DSC
thermocaloric unit) and physical simulation of processes in situ in the neutron beam.
Identifying requirements
Continuous, on-going consultation with the different user communities and with leading researchers is of
paramount importance in determining priorities and research trends. ESS will continue to actively pursue
such consultation during the construction phase of the facility. Present necessities for instruments need
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to be addressed, and future trends need to be anticipated, allowing critical scientific experiments to be
performed in a timely manner. Specific sample environments that will likely operate synchronously with
the ESS pulse structure will be identified and developed in more detail, once a firm decision on the seven
day-one instruments has been reached. Consequently, the above mentioned sample environment systems
are not exhaustive, but rather are indicative of what the user community anticipates will be required.
Standards and infrastructure
Where sensible, ESS will standardise the hardware and procedures surrounding the sample position of the
relevant instrument. The use of standardised communication and control interfaces, as well as of sophisticated handling devices such as robotic systems, will help to achieve a high sample throughput to make
effective use of neutron beam time. The Sample Environment Group will establish proper standards and
procedures, and will develop sample environment hardware in close collaboration with the user community
and the instrument scientists at ESS, working in parallel while the instruments are being constructed.
This activity will closely interact with the activities of the Controls Group and DMSC, who will develop
the control systems for the sample environment. The Electrical Engineering Group will be tasked with
developing the instrument motion control system in coordination with ICS, as is discussed in more detail
in the next section.

2.7.5

Electrical engineering

The Electrical Engineering Group (EEG) will develop motion control systems for general automation with
an emphasis on standardisation, maintainability, and compatibility between instruments and instrument
control systems [244]. The group will interface closely with the Detector Group, for example via the data
acquisition system, with the Data Management and Software Centre (Section 2.8) and with the Integrated
Control System Project (Chapter 5).
Motion control
Motion control in neutron instrumentation is very complex as it involves nearly every part of a modern
neutron scattering instrument. A non-exhaustive list of areas requiring motion control includes positioning
of samples or detectors, as well as controlling the movements of components such as collimators, moving
slits, filters, and even whole neutron guides. Motion control must be able to position a small sample of
a few milligrammes with sub-micron precision and also to manipulate tons of shielding with millimetre
resolution. Motion control in neutron instrumentation also demands the ability to exercise control within
extreme environments, with extremes of vacuum, radiation, temperature and/or magnetic fields [245]. The
movement itself may be either a rotation, a linear motion or a combination of the two. Motion is controlled
mostly in a closed control loop consisting of motor and power driver (actor), encoder (position or speed
sensor) and control electronics. Appropriately placed switches limit movement in case of control failure or
serve as reference points. Motion control loops interface naturally to both the remote control electronics
and software on one side and the related instruments mechanics on the other side with a borderline marked
by the so-called mechatronics components – motor and encoder switches – as shown in Figure 2.45.
Cable topologies
The classical centralised cable topology for a motion control system is shown on the left of Figure 2.46.
All the electronics are located in a 19-inch rack outside the instrument area, and cabling must stretch
from that rack to all the different corners of the instrument to provide connections to all components. In
contrast, modern integrated motors with built-in driver and control electronics allow for a decentralised
cabling structure like that shown in Figure 2.46 on the right side. Encoders and switches are cabled directly
into the motor and the different positioning modules need only be connected by a field bus and a power
supply cable.
Special instrumentation requirements
The unique features of the ESS neutron source together with the latest developments in neutron scattering
instruments have a huge impact on motion control for the instruments. In particular, the high brightness
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Figure 2.45: Motion control components forming a closed control loop linking the mechanics with the
electronics.
and the size and layout of the facility will impose challenging requirements. Some of the challenges include
small sample sizes requiring high positioning precision; positioning inside cryogenic environments; short
experiments, requiring faster positioning in order to make the most productive use of beam time; high
radiation fields, requiring identification of radiation-proof components; large distances between instrument
components, requiring distributed and synchronised motion control units, capable of self- and distancediagnostics; high magnetic stray fields, requiring identification of magnetic field-proof components; and
high security levels requiring components with redundancy or status check.

Figure 2.46: Cable topologies for instrument motion control technologies. Left: Centralised. Right:
Decentralised.
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Latest industrial developments
The motion control technology chosen for neutron instrumentation will be the facility standard for a
relatively long period compared to regular production cycles known in industry. It is therefore essential to
include the latest improvements and developments for the first instruments. These will include coordinated
movements of a large number of axes; decentralised cable topology with integrated motors and controllers;
synchronised motion control units with real-time field bus (EtherCat); two encoders for one axis (e.g.
absolute and incremental) to optimise performance; piezo technology for precise positioning; and linear
motors for faster movements.
Instruments personal protection system
The instruments branch of the personnel protection system, or PPS, which is discussed in more detail in
Section 5.2.3, will be designed to allow users to easily access and operate the neutron scattering instruments
while ensuring that the system complies with local Swedish laws, rules and regulations. This branch of
PPS will be designed in concert with the ICS Project as it will be fully integrated in the site-wide PPS,
which is the responsibility of ICS. It will also interface, communicate with and provide feedback to the
machine protection system, or MPS, which is described in Section 5.2.2.
Standards and non-standards
The design of the electronics in combination with the software will integrate the neutron scattering instrument. The choice of hardware and low-level control will be defined taking into consideration standardisation, expandability, upgradeability and maintainability. Choices will be made in close communication
with the neutron scattering community, and will fulfil the requirements of the instruments as defined by
the instrument scientists. A standard list of motors, encoders, limit switches,and cables and connectors
will be compiled following best practices at other leading neutron facilities [246–248]. This will serve as
a compulsory guideline for instrument teams as well as for internal and external designers of instrument
hardware. Definition of a carefully selected, limited number of parts, components and interfaces based on
experience with existing systems will facilitate a proper integration of hardware, and will also be more
cost effective over the lifetime of the instrument and the facility as a whole. Nevertheless, many hardware
solutions will be cutting-edge projects from the scientific and technical points of view. EEG will support
the development of solutions for special applications with ambitious requirements where standard parts
cannot not be used. In recognition of the need for customised solutions, flexibility will be provided for
further specifications to be assessed and approved as the selection of the motion control concept proceeds.
However, solutions will only be accepted if they either fulfil the standard specifications already in place or
have been explicitly approved by EEG.
Collaborations
Existing solutions for motion control at other facilities will be evaluated and collaborations pursued depending on requirements. Potential models include the modular control system SINQ-MCU developed
at the Paul-Scherrer-Institute [249], or the motion system IcePAP [250] developed at the European Synchrotron Radiation Facility. The Experimental Physics and Industrial Control System (EPICS) will be
used as a control framework, in combination with the control box approach discussed in Section 5.3. This
mitigates risk associated with development, allows instruments to benefit from developments done in the
Integrated Control System project, and maintains standardisation across the facility. EPICS is a software
framework used to develop and implement distributed control systems to operate devices such as accelerators, telescopes and other large experiments [251]. It is a quasi-industry standard that is well maintained
and documented, and has the support of a large number of large scale scientific facilities, including the
SNS and Diamond Light Source. In fact, the SNS is gradually upgrading their EPICS systems to unify the
existing accelerator and target control system with the neutron scattering instruments. The development
of specific EPICS drivers in conjunction with the ICS project could potentially be performed in close collaboration with the SNS and ISIS, thus benefiting the neutron user community as a whole. The designers
of the motion control system will interact closely with the Sample Environment Group, as robotic systems
for sample environments become increasingly important and require systems that integrate motion and
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Figure 2.47: Multi-axis robotic and hexapod sample tables. Left: Conceptual robot FRIDA [252]. Courtesy
of ABB. Right: A Hexapod robotics system for sample positioning [253]. Courtesy of Physikalische
Instrumente.
control of complex hardware at optimised cost-to-performance ratios with a high degree of scalability.
Examples of multi-axis robotic and hexapod sample tables are shown in Figure 2.47.

2.8

Data management and software for instruments and users

To fully exploit the information power of ESS, a new approach for software and data management is needed
that intuitively integrates control of the neutron instrument and its sample environment; data processing,
visualisation, analysis and publication; and permanent storage and public access. Realising this vision
of a fully integrated e-science solution from idea to publication will be one of ESS’s major contributions.
The ESS-Data Management and Software Centre (DMSC) will tackle this e-science challenge, delivering
a 24/7 e-science service programme to cover the complete research cycle from idea to publication as
illustrated in Figure 2.48. The programme will provide an Internet-based system for interactions of the user
community with ESS. It will include a user proposal system and peer review management; high-end tools
for virtual experiments in order to plan, optimise and model measurements; a homogeneous instrument
control platform across the instrument suite, which will be fully integrated with sample environments and
ancillary measurements that generate meta data. It will also provide tools to enable researchers to interact
remotely with experiments and ESS staff in real time; a platform that seamlessly integrates neutron and
meta data and facilitates data reduction, visualisation and analysis in an intuitive manner; and stateof-the-art computational tools and computing platforms integrated with theoretical support in order to
exploit the full scientific potential of ESS measurements. Finally, the programme will provide state-of-theart data archiving and e-science tools to make data available to the scientific community in an appropriate
form.
ESS-DMSC will be an integral part of ESS, located on the campus of University of Copenhagen in
Denmark where it will host the ESS staff and IT equipment required to achieve its mission. Figure 2.49
provides an overview ESS-DMSC linkages. Reliability, usability, maintainability, and high quality will be
ensured by using best practices in the development of the IT infrastructure. The complex IT infrastructure that is required to support scientific activities will be composed of dedicated networks, work stations,
supercomputers, file systems, and long term storage. Figure 2.49 shows how the different components of
the IT infrastructure will be distributed between the different physical locations in Lund and in Copenhagen. DMSC will provide and maintain updated infrastructure for high-performance computing during
the construction phase for instrument simulations, simulations of the target, and for the online model of
the accelerator. The use of this infrastructure will naturally extend into the operation phase, where it
will form the starting point for the computational infrastructure required by the instruments and user
programme. Moreover, DMSC will ensure that the McStas [254] software that is used for instrument
simulations is properly maintained and further developed. Software development environments will also
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Figure 2.48: IT services and infrastructure provided by the Data Management and Software Centre, in
each step of the research cycle from idea to publication, beginning with experiment planning, followed by
the actual neutron experiment, data management, and finally computational support. This in turn may
result in publications as well as new ideas and experiments.
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be required for research and development in the Detector Group and in the Integrated Control System
group.

2.8.1

Requirements

In order to reach its full potential, ESS will need software and IT infrastructure for its instruments and
user programme that are reliable, maintainable, usable, and supportable. Given the multi-decade duration
of the ESS project and the rapid pace of technological change, ongoing software projects may easily span
successive generations of technological developments. ESS will need the flexibility to cater for changing
user requirements over its life time, and to interface to new or user-supplied equipment. In particular,
the software provided through the user programme must be easy to learn and use for users with vastly
different backgrounds and experiences in order to reduce the burden of support and avoid waste of beam
time.
Instrument user interfaces
ESS will offer different instrument user interfaces in order to support researchers who will have very
different backgrounds. For example, visiting scientists are likely to include both archaeologists who may
visit the facility once a year for a few days, and physicists who visit on a regular basis. Interfaces will
support users who need to perform complicated tasks as well as those requiring routine services, including
software developers, instrument scientists, and support staff. To cater for these different types of users,
an application programming interface (API) will be developed, as well as a domain specific command
line interface (CLI) and a graphical user interface (GUI), as is common in modern scientific software.
The interface will also support users who are not comfortable with command line interfaces in setting up
sequences of operations. It will be possible to use a sequencer table interface, which resembles a spreadsheet
in look-and-feel and functionality, to set up a sequence of operations for execution. The sequencer table
will be an integral part of the graphical user interface. A uniform look-and-feel will be maintained across
the software suite, and different programs will work seamlessly together. This will save user time, and
increase the research productivity of the facility.
Software architecture
The same architecture will be used for all components of the software suite used across the entire research
cycle from idea to publication, as is illustrated in Figure 2.48. This uniformity is important for building
an efficient software development organisation, and will make it easier and cheaper to ensure that different
components of the software suite indeed work together seamlessly. A software architecture that spans the
needs is outlined in Figure 2.50. The central component is an API that will be used to interface to various
libraries, including graphical components, databases, and third-party applications. The API will in turn
be used to develop domain-specific command line interfaces, graphical user interfaces, and browser-based
services. The preferred option for the implementation is based on Python for the API, C++ for performance
intensive libraries, and Qt as a graphical library, as shown in Figure 2.50. This approach is becoming a
standard software framework for scientific applications, in part due to the extensive selection of scientific
libraries. Many facilities already use, or have plans to use Python as a scripting language, including the
Diamond Light Source, ISIS, and SNS. This architecture also is used by the data reduction and analysis
program, Mantid [255]. For this reason, Mantid has been selected as a cornerstone of the software suite.
Many other programs of relevance for ESS-DMSC are also based on this architectural choice, such as
the Python-based Hierarchical ENvironment for Integrated Xtallography (PHENIX) for macromolecular
structure solution [256]. Some level of web development (which could be based on HTML5, for example)
will take place because some components of the software solution, such as the user office software, must
be browse- based. Indeed, ideally, the software suite as a whole will work as a web application.
Command line interface
A command line interface will be made available for instrument control, data reduction and data analysis.
It will be possible to use the command line interface interactively as well as to execute scripts consisting
of several lines of codes, a capability already available in Python. Users will be able to generate their own
scripts, test that they work as intended through a dry-run, and save them for later use or for distribution
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Figure 2.50: The architecture that will be used for the software suite that will support users from idea to
publication. Python, C++, Qt, and HTML5 are the current preferred options. Language use locations
are indicated.
to other users. The latter makes it possible for instrument scientists to optimise the path from idea to
publication for specific types of experiments by scripting predefined procedures for the user community.
Whether run interactively on the command line, through a script, or via the graphical user interface, all
steps will be time stamped and logged as a new script. This will make it easy for users to repeat the various
steps of an experiment (instrument control, reduction, or analysis), or to make variations over the same
experiment by modifying the logged script. The time stamping will also make possible the alignments of
logged commands with data acquired from the experiment, facilitating the creation of a detailed log book
from the experiment.
Graphical user interface
The graphical user interface will be self-explanatory for the users of the instruments. It will be customised
for each instrument. It will be possible for the instrument scientist, users, and technical support staff to
selectively enable features for a given experiment. The graphical user interface will support advanced tasks
through a shell for executing commands of the command line interface, a library of predefined scripts, and
a sequencer table interface, which will allow the execution of commands via a spreadsheet-like interface.
The sequencer table interface is expected to appeal to many users because it resembles the spreadsheet
interfaces that they are already familiar with, and because it will enable them to do fairly complicated
tasks without scripting through the command line interface.
Remote access and web applications
Users will be given secure remote access to software services. In fact, much of the software required
by ESS will be developed as web applications, including types of software that traditionally have been
thought of as standalone applications. Web applications offer many advantages. Web-based solutions will
enable DMSC to avoid providing support for a multitude of current and future hardware platforms and
operating systems. Web applications will also spare users the hassle of software installation. In addition,
web applications will make in-house resources available to users remotely. It will be possible to analyse
experimental data by means of computers and software running with a minimum of data transfer.
Security and access control
Many of the risks related to remote access, if not all, can be mitigated by implementing proper authorisation
policies and security measures. DMSC has a strategy to monitor developments in IT security, hacking,
and network penetration techniques and will ensure that the systems in place remain at the forefront
of recommended practice. The final line of defence for a successful penetration will be the provision of
an operation mode under which ESS is completely disconnected from the Internet. To avoid unwanted
intrusions into the ESS network, user credentials (such as user name and password) will be required to
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access DMSC software services. A single set of credentials will give access to all services that the user
has permission to use. Moreover, single sign on (SSO) [257] will be used for all web applications, such
as user office services, data access, and remote monitoring of experiments. Where feasible, SSO will also
be used for software programs that are not web applications. It is currently the plan to mesh SSO with
existing methods, developed as part of PaNData [258], CRISP [259], and eduroam [260]. Authentication
(the ability for users to prove who they are) and authorisation (the different rights a user has in the system)
are discussed in more detail in relation to user office software in Section 2.8.2.

2.8.2

Experiment planning and the user office

A number of administrative and planning tasks need to be completed before an experiment can take place.
First, the experiment must be approved for beam time. Subsequently, scheduling, sample handling, and
safety training (among other procedures) must be taken care of. The user office, which will be under the
responsibility of the Neutron Science Division, will play a pivotal role in accomplishing these practical
tasks. It will be the user’s primary point of entry to ESS. The functionality of the user office software
that DMSC will provide will have a significant impact on the efficiency of the user office and on the
user’s experience at ESS. Besides administrative matters, both visiting users and ESS staff involved in an
experiment, may plan the execution of the experiment in detail, and practice operation of the instrument
and its associated software through virtual instruments, for instance through computer simulations. The
user office will have both an online and a physical presence which will come into play during experiment
planning, and at other stages of the user’s involvement with the facility. The user office will offer both
end-users (visitors) and staff a simple and comprehensive gateway to the information required to make
the visiting scientist’s stay successful. The gateway will be a mostly paperless, integrated solution that
does not duplicate information across various systems or require constant manual re-entry of information
already in the system. The user office software will play a central role at the facility since the information
gathered by the user office will feed into many systems across the facility. Such information exchange is
required, for example, to facilitate scheduling and planning. In developing the user office software, special
care will therefore be taken to identify and manage information exchange. European data protection laws,
in addition to Swedish and Danish regulations, provide very specific requirements for the collection and
retention of data, and DMSC will adhere to these standards. The scope of the user office software is quite
broad, as also are the different areas of responsibility within the user office, including a user database,
proposal system, scheduling, invitation procedure, sample handling, and post-experiment activities.
Instrument user database
Users will have to be registered in the instrument user database in order to access various services at the
facility. There will be different kinds of users at the facility, including external users who visit the facility
to conduct experiments and permanent staff, who also will need to access various functions of the user
office systems. Provision may also be made for other classes of users, such as those proposal reviewers
who may be neither staff nor visitor. The instrument user database will provide both authentication (the
ability for users to prove who they are) and authorisation (the different rights a user has in the system).
The information required to authenticate and authorise a user will vary depending on the level of access
they are granted to the facility. An external user will be able to create an online account for the purpose
of submitting proposals without providing proof of identity. However, such proof, for example through the
provision of identity papers, will be required before a user is granted further access to the facility. The
status of trust in a user’s identity will be kept updated in the system. Identity information may also come
from other sources, such as other trusted facilities or through a federated identity management service.
Proposal system
During calls for proposals, registered users will be able to create, view, edit, submit, and withdraw proposals. A given user may have one or more active proposals. For each proposal, users will be able to enter
various types of information, for example, title, type, instrument, the purpose of the data collected (e.g.,
whether it is used for thesis work), subject and research areas, abstract, related proposals, information
about the team, samples and sample environment. Users also will be able to attach files with supporting
material. Once a proposal has been submitted, a proposal ID will be allocated, which the user will be
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able to use to view and track the proposal as it makes its way through the review process. During the
submission process, users may be required to agree to various conditions before being allowed to submit
proposals, including conditions governing access to data generated at the facility, intent to publish, and
compliance with safety procedures. Once a user has submitted a proposal, it will be possible for administrators to view it and to assign reviewers to it. The reviewers will be able to view the contents of the
proposal and submit evaluations, which initially will not be visible to the proposer. Before the results
are released, the successful proposals will be ranked and scheduled. Once the review deadline has passed,
users will be informed of the result of the review of their proposal. If review results are favourable, the
proposing team will receive an invitation to visit the facility to conduct its experiment. At that point,
proposers also will be able to view the details of the evaluation.
Scheduling
Scheduling is an integral part of the proposal process. The schedule of each instrument will be stored and
will be query-able, and alterable. In addition to the instruments, other components will also be scheduled,
including sample environment and the instrument team. Care will be taken to make sure that crucially
important scheduling information is disseminated correctly throughout the facility.
Invitation procedure
Once a successful proposal has been scheduled, the proposing user will be formally invited to the facility.
Invitation procedures involve informing the user of the invitation, of course, but also ensuring that the
proposer and other members of the scientific team are ready to visit the facility. Along with the invitation
there are a number of practical matters that the proposal system will be equipped to deal with, including
booking, confirming, and providing opportunity to review accommodations at the facility; travel arrangements, when required; ensuring that site access is granted for the duration of the experiment and that
conditions for granting that access have been met, such as the completion of safety and instrument training, submission of health certificates, and dosimetry handling. These procedural matters will be addressed
during the period of time between the issuing of the invitation and the beginning of the experiment. In
some cases, such as travel arrangements, activity will be initiated by the user, but will usually require
action from user office staff. Other matters can be entirely automated, such as safety training. It is
important to ensure that these practical matters do not become burdensome for staff and visitors.
Sample handling
Some users will send in their samples, rather than showing up physically at the facility. The system will
be able to handle the registration of samples, shipping, storage, safety evaluation, and location tracking at
the facility, using identifying markers such as barcodes, QR codes, or electronic tags. Both users and ESS
personnel will be able to add, view, and update information about samples, and this information will be
automatically included in the metadata of an experiment. If the user is off-site, the system will also grant
remote access to the instrument during scheduled beam time. Once the sample has been exposed to the
beam, it may need to be quarantined for some time before being returned or disposed of. The software
will keep track of the location of the sample, as well as the custodian who should be contacted once the
sample has been released from storage.
Post-experiment activities
Although many responsibilities of the user office are related to experiment planning, there are also a
number of post-experiment activities that the system will enable the user to complete. The user office
system will be able to handle the creation, editing, and approval or rejection of reimbursement forms,
and to facilitate communication about these forms where clarification is required. The user office software
will make it possible to attach necessary documentation to the reimbursement forms. A simple and well
documented workflow will be established for completing these forms. The software will also make provisions
to elicit feedback from users at the conclusion of their stays. After the user has published or otherwise
made use of the experimental data collected at ESS, data about outcomes will be recorded in the system.
While some users may take the initiative themselves to collect and track this information, user office staff
will often play this role. Outcomes of interest might be reports, publications, or intellectual property
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such as patents attributable to the research carried out at the facility. Along with the specific services
above, the user office will provide some generic services in order to support day-to-day functions, such as
content management for training materials, instructions, and help related to user office procedures; and
a method to administer tests and provide feedback forms. The user office will play a central role in user
authentication and authorisation. This will apply to both electronic and physical access to the facility.
Electronic access will encompass the various user office facilities and remote access to instruments, which
will be limited to the period during which the user is scheduled to use the instrument ,and to data once the
experiment has concluded. Physical access to the facility will also be limited to the period during which
the user is scheduled to use the instrument.
Training
Besides safety training, training in performing an experiment at ESS will be provided to novices before
the experiment takes place. This will avoid unnecessary waste of beam time. Training may take the form
of face-to-face workshops at DMSC or of electronic courses, including online courses. In either case, users
in the training sessions will engage with software identical to that which they will need to use during the
experiment to operate the instrument and analyse resulting data. They will be given the opportunity to
perform dry runs using the software with artificial data.
Virtual experiments
Monte Carlo ray-tracing simulations using programs like McStas [254] or Vitess [261] have already been
deployed in the design update phase for evaluation and design of instruments, neutron optics and time
structure of the ESS source. For each instrument constructed, ESS will develop a detailed instrument
model that mimics the real instruments. A limited number of sample models for McStas exists today.
This library of sample models will be expanded significantly in the future, based partly on a systematic
development chain from quantum chemistry calculations (for example, density functional theory) to McStas
model. With a model of instrument, sample environment and sample in hand, it will be possible to simulate
a complete experiment, which in turn will become a tool for training users and staff in how to operate
the instrument and perform data analysis. Users may also employ the virtual instruments to evaluate
experiment ideas and to optimise experimental procedures prior to scheduled beam time. In the long
term, it may become common practice to include complete simulations of experiments in applications for
beam time.

2.8.3

Instrument control and data acquisition software

Software is required for controlling the instrument and sample environments, and also for acquiring neutron
and metadata from ancillary measurements. Live data processing will enable experimentalists to better
control the experiment to increase research productivity. The term “instrument control” is used here
exclusively to refer to the process of controlling the instrument through commands (slow control), while
the term “data acquisition” is used to refer to the process of acquiring data from sensors or detectors,
whether it is neutron data (fast control) or metadata (typically slow control).
Instrument control software
The devices that need to be controlled in order to perform an experiment are associated with the neutron
scattering instruments, sample environments, or detectors. Technical details for these systems are discussed
in Section 2.7, and layouts for specific instruments in the reference instrument suite are discussed in
Section 2.4. Neutron scattering instruments typically are associated with a number of controllable devices,
including choppers (as discussed in Section 2.7.2); motors for positioning and aligning the sample and for
operating the shutter; and associated sensors for monitoring frequency and phase of the choppers, position
of the motors, intensity of the neutron beam, and pressure (to verify the existence of vacuum in the
beamline). Vendor-supplied goniometer systems and robots for picking up samples and aligning them in
the beam may also be part of a neutron scattering instrument. Depending on the specific instrument, there
may be other components along the beam line that need to be controlled via motors, such as collimators and
removable polarisers. In some cases, highly integrated motion control systems with complex trajectories
and/or a high number of coupled axes maybe needed, as discussed in Section 2.7.5. A complete list of
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devices will be available only after the instruments have been selected for construction and completely
designed.
Sample environments are discussed in Section 2.7.4. They will have vastly different configurations
depending on their purpose. They may be equipped with temperature, pressure or applied force regulation;
magnetic and electric fields; and/or access for chemicals, for instance by means of syringes in stopped
flow experiments or valves for gases. At a lower level, this implies the existence of heaters, coolers,
cryostats, magnets, pumps, motors, and various sensors, including thermometers, pressure sensors, pHmeters, and flow-meters. In addition to instrument-specific sample environments, there will also exist a set
of standardised sample environments that will be compatible with several instruments. Furthermore, some
users are expected to provide their own sample environment equipment, and ESS will provide standard
interfaces to facilitate these experiments. The sample environment will be controllable by the same means
and through the same user interface as the beamline instrument, and thus the sample environment will
be plug and play. All detectors will need to be controlled and will require monitoring of magnitudes such
as voltage and gas-related settings. Furthermore, whilst the majority of instruments will have a fixed
geometry, some instruments may have movable detector banks requiring motors, as is the case for the
materials science and engineering diffractometer in the reference suite. Detection of neutron events will
take place in hardware systems, and is discussed in detail in Section 2.7.1. The various devices will be
controlled by a user through a control console. Control consoles ready for use will be available in the main
control room, and also in satellite control areas associated with each neutron scattering instrument, and
via a mobile device. This is discussed further in Section 5.1.2.
Integrated control system
The instrument control will be part of the integrated control system (ICS), which in addition to the instruments also will control the accelerator, target, and conventional facilities. The integrated control system
will facilitate standardisation and collaboration, for example, on driver development, across ESS. Moreover, required information from the accelerator and target will be provided by ICS, such as moderator
temperature and flux of the proton pulse. Time signals from the master oscillator, machine protection
system (MPS) and personnel protection system (PPS) also will be provided by ICS. ICS will be based
on EPICS [251] for the device layer (drivers) and EPICS channel access middleware for communication
between devices and between devices and control units. Control boxes will be employed to ensure modularisation and standardisation across ESS, as described in detail in Section 5.3.
Requirements for instrument control
The general requirements outlined in Section 2.8.1 are also valid for the instrument control software. Both
a command line interface and a graphical user interface will be available. The same software will be
implemented on all beamlines in order to reduce development and maintenance costs and to facilitate
the transfer of knowledge and experience among instruments. Other software will only be implemented
for instrument control where there are substantial benefits that balance the additional cost of supporting
multiple solutions. Examples of such exceptions might be the existence of a standard solution within a
given technique or a desire to support cross-facility experiments, for instance between ESS and MAX-lab,
in which case it will be desirable for users to encounter the same software at the two facilities. There is no
de facto standard for instrument control user interfaces at neutron scattering facilities, and no interface
currently fulfils all the required specifications described above. ESS will monitor developments in existing
projects and will decide to what extent it will be advantageous to use existing solutions in the near future.
Data acquisition
In order to fully preserve all the information from an experiment and allow for more powerful and flexible
data analysis, instrument data acquisition will be based on event mode as far as possible and appropriate.
In event mode, a detected event is time stamped with a value from the central timing system provided
by ICS, as described in Section 5.2.6. ICS will employ current practices of accurate timekeeping, in
partnership with the chopper and instrument groups, to ensure that recorded data are accurate and reliable
and properly aligned in time with other events across the facility. Three categories of data events will be
generated for experiments: Neutron data, metadata events, and absolute time records. Neutron data will
be sent from the detector electronics in a binary data format containing the relative timing information
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and the index of the detectors being hit by a neutron, as described in Section 2.7.1. Metadata events will
be provided by the control boxes associated with the relevant devices in a binary format containing the
required information about parameter, time, and value. The exceptions from this are user, sample, and
proposal tags which will be obtained from the software suite provided by DMSC, as will be the case for
the user office. Absolute time records will contain absolute time and will be provided by the central timing
system.
Data transfer will take place by means of two types of data streams. One will contain neutron data
events and the other will contain metadata events. In both cases, the streams also will contain absolute time
records in order to ensure that all events can be properly aligned on an absolute time scale. Details about
the data format can be found in [262]. A non-exhaustive list of relevant metadata includes experiment data
on users, team members, local contact, and system under study; proton pulse data; moderator temperature;
neutron flux; chopper settings; measured speed and phase; position of detector banks; instrument settings
and sample positions including motor axle positions; pressure, humidity, temperature, and alignment
on optical systems; beam monitor counts. For sample environment, metadata will include temperature,
pressure, magnetic field, mechanical strain; and user-supplied commands, as discussed in Section 2.8.1.
All data will be streamed to the live-processing system, which is discussed below, and to the data storage
system discussed in Section 2.8.4, where they will be saved in the form of NeXus files, with a NeXus file
for each experiment or measurement performed.
Live-acquisition processing, visualisation and automation
Live-acquisition processing and visualisation will enable researchers to get feedback in real time during
their experiments. Data processing and visualisation are discussed in more detail in the next section.
An efficient infrastructure will be developed to give fast access to stored data and sufficient CPU power

Figure 2.51: Snapshot of live streaming data reduction with Mantid and the ADARA system developed
at Oak Ridge National Laboratory [263, 264].
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for live-acquisition processing as well as for post-acquisition processing. Given the high neutron fluxes,
significant computer resources will be required on site in Lund for processing of acquired data in real time.
The ADARA system shown in Figure 2.51, which was developed at ORNL, will be used for live processing,
and further developed so that it will be able to cope with ESS’s high data flow rates. It may be possible
to use libraries from the ROOT data handling system at CERN [265], which can handle data streams on
the same order as may be required at ESS. Various levels of automation will be employed. Scripting and
the sequencer table interface will provide the means to do so and the software will make it possible to
use data from the live-acquisition processing to automatically advance to the next step in a sequence of
measurements once sufficient statistics have been obtained. This will enable scientists to concentrate on
the scientific aspects of the experiment rather than the technical details of running routine tasks on the
instrument.

2.8.4

Data management

An experiment or sequence of experiments generally results in a large number of documents, simulation
results, measurement data, analysis results and scientific papers. All this information will be stored at
DMSC and DMSC will provide tools and services to ensure that researchers are able to access the data
and the required computational resources to manipulate this data at all stages of the scientific process in
accordance with the security policies described in Section 2.8.1. Much of the information will be made
browsable and searchable, including metadata. Besides metadata and raw neutron data originating from
measurements, logs of applied data analysis and information about the employed software and resulting
publications also will be stored in the data management system.
Data reduction
Data reduction describes the process of correcting and transforming acquired raw data into physically
interpretable data. It is an essential part of an experiment. The algorithms for data reduction are
instrument-specific, and software for reducing data acquired at a given instrument will thus be considered
an integral part of that instrument. Preliminary data reduction and real time analysis and visualisation will
assist users in performing an experiment as described in the previous section. However, at any given time
after the experiment, a user also will be able to access the data and process them or visualise them without
transferring the data out of the facility. Thus data reduction is intimately linked to data management.
That being said, the user will also be able to copy data to the home institution, where a user will be able
to use his or her own software or software provided by DMSC, which will be open source to the extent
feasible.
Data reduction consists of filtering, correction, mathematical operations, binning and presentation.
Filtering ensures that only data that fulfils specification will be used in the subsequent processing. Data
may fail to meet specifications for a variety of reasons. For example, data generated before choppers
have settled to the specified speed and phase will be rejected, as will be data generated when sample
environment conditions have not yet met specifications, or when neutron pulses are of inferior quality.
All raw data will be stored, so no data will actually be discarded in the filtering process. Data will be
corrected to compensate for spurious effects. This may include, but will not be limited to, normalising
a data set by the incident flux; determining variations in detector sensitivity using a vanadium sample
and normalising data accordingly; or correcting for background obtained by measurement. Data sets may
also be corrected for scattering from the instrument itself or from the sample environment or corrected
for multiple scattering effects by measurement or instrument simulations using, for example, Monte Carlo
ray-tracing codes.
Mathematical operations will be used to slice, project, interpolate or otherwise manipulate data into
a scientifically appropriate form. The extensive use of wavelength frame multiplication and repetition
rate multiplication at ESS will augment the complexity of this task, which underscores the importance of
providing adequately reduced data in order to realise the full potential of the long-pulsed source. Binning
is a procedure that converts the set of remaining events to histograms that may be multidimensional. In
the general case, events will be converted to a histogram depicting neutron intensities (event counts) as a
function of parameters of interest. The accumulated data from each detector pixel will be presented to the
user graphically, and it will be possible to replay the accumulation of data over time. It will be possible
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to plot graphs and histograms in one and two dimensions, and also to visualise data in 3, 4 or even more
dimensions, based on the slicing and projection of data for final presentation on a graphics terminal.

Virtual instruments for data reduction
Virtual instruments based on Monte Carlo ray-tracing software will play an important role in the development of data reduction and analysis software for the instruments while the real instruments are being
constructed. This will be particularly important for researching and developing algorithms for data reduction and analysis for wavelength frame and repetition rate multiplication where no standard methods
exist at the present time. The use of virtual instruments will make it possible to develop and test software
for data reduction even though the instruments have not yet been constructed and put into operation.
This, in turn, reduces the risk that adequate software will not be ready once the target instruments enter
the commissioning phase. Virtual instruments are also expected to play an important role during the
operational phase. Advanced data reduction can be performed with a realistic sample model, making it
possible to simulate the complete experiment to obtain good agreement between simulation and experiment. Once that has been obtained, the individual contributions to the observed scattering pattern can
be separated, as illustrated in Figure 2.52. With the single coherent, incoherent and multiple scattering
patterns available, more reliable data analysis can be performed. Furthermore, simulations can be used to
estimate contributions from the surrounding sample container and cryostat.

Figure 2.52: Simulated total signal from l-Rb at 350 K separated into coherent, incoherent, multiple scattering, cryostat, and container contributions. The cryostat and multiple scattering signals are multiplied
by a factor of ten.
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Options and system architecture for data management
The preferred option for a data format for storage is the NeXUS file format [266], which is a customisation
of the HDF format to data from neutron scattering experiments. ICAT [267] is an example of a data
management system that could be used, in which all metadata are stored in a relational database and
made browsable and searchable. Links to the raw data files are stored, and in this way a single point of
entry to information from the experiment from idea to publication is obtained. Solutions for data reduction
and visualisation will likely be developed in the Mantid framework, which fulfils most requirements with
respect to architecture, user interfaces, and development as discussed in Section 2.8.1. Mantid, which has
both a graphical user interface and a command line interface, is being developed for reduction, analysis,
and visualisation of data acquired at ISIS and at SNS [255], and may be adopted by J-PARC [268] and
ILL. Thus, by joining the Mantid project, ESS will be able to deploy data reduction software with which
users are already very familiar. Mantid can already be used for processing live data streams [269], has
excellent visualisation capabilities, and can handle data of high dimensionality [255]. A project has been
launched to connect McStas and Mantid so that algorithms in Mantid can be applied to data generated
in silico by McStas. This would make possible the use of virtual instruments in the software development
process.
The data management system will reside on a high performance file system at DMSC. A data volume
of the order of multiple petabytes per year is expected. The file system will be based on both disk and
tape to assure fast access to frequently used data and reliable storage for all data. A total backup of the
storage system will be located in Lund to assure physical separation of the master data and the backup
data. Data will be transferred between Copenhagen and Lund over a dedicated fibre connection that will
be doubled for reliability reasons; one fibre will pass over the Öresund bridge and one fibre will pass under
the Öresund between Denmark and Sweden. If all connections between Lund and Copenhagen fail, data
will remain in the back-up facility in Lund until the connection is reestablished. A high performance
computing cluster for post-acquisition processing will interface directly with the data storage system to
ensure the highest data-transfer bandwidth during reduction and analysis and will make it possible for
users to process their data with a minimum level of data transfer out of the IT infrastructure.

2.8.5

Computational support for analysis

Data analysis will require new sophisticated software, powerful computing hardware, and expert knowledge
in scientific computing if ESS is to reach its full potential. Two examples of how scientific computing can
be used in the data analysis process are given in Figure 2.53. DMSC will prioritise making it easy to
integrate new data analysis methods and algorithms into the software to increase research productivity
and the potential for new breakthroughs in experimental techniques. Indeed, scientific computation and
theory will be critical in providing added value to the data measured at ESS. Recent development of
supercomputing infrastructures (e.g. the Cray XT5 computer at Oak Ridge National Laboratory) has
allowed the timescale and system size attainable by molecular dynamics simulations to reach timescales on
the order of 1 µs and sizes in the order of 10 million atoms. Extrapolation of this performance indicates
that it probably will become possible to perform molecular dynamics simulations of systems of 10 billion
explicit interacting atoms (i.e., approximately the size of a living cell) within the time frame of ESS’s
operational life [273]. Simulations at this level will complement the length and timescales of systems that
can be characterised by the instruments at ESS, as discussed in Section 2.2. This rapid development in
computing power will thus bring unprecedented capabilities to scientific computing and make it possible
to employ new algorithms for analysis, for instance based on quantum chemical calculations or molecular
dynamics simulations.
In most cases, data analysis consists of resolving a spectrum into individual peaks or other curve forms
by means of curve fitting followed by modelling. Data analysis allowing for multi-dimensional fitting will
be particularly important for ESS because data will be acquired in event mode. Figure 2.54 illustrates this
in the (simulated) case of a powder diffraction pattern, where existing analysis tools only use a tiny fraction
of the available information. By developing methods that use all data, the beam time required to obtain
sufficient statistics can be drastically reduced. In some cases, the subsequent modelling step is more or
less standardised, and users will be able to go from data acquisition to resolved structures in a single step
through reduction, fitting, and modelling. However, this only works for perfect crystal structures, whereas
structures with defects or amorphous and porous materials (for example, polymers and concrete) are more
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Figure 2.53: Two examples of how intensive computing can be used in data interpretation. Left: Snapshots
of the simulation of Mg-Al intercalated drug hybrids, in this case ibuprofen (indicated by sticks). Dashed
lines indicate the initial simulation unit cell. Colour code: Blue N, green Cl, red O, gray C, white H,
pink Al, and blue-green Mg [270]. Neutron scattering data is indispensable to confirm or constrain these
simulations. Right: Computer reconstruction of the surface morphology of a percolation cluster surface in
Y(Mn1−x Fex )2 . Colour code: Red Fe and blue Mn. Magnetic small angle neutron scattering experiments
show that the morphology is similar to that of microemulsions [271].
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Figure 2.54: Simulated density plot based on ray tracing simulations showing intensity of detected neutrons
Figure 16: 2.54
as function of scattering angle and time-of-flight for a thermal powder diffractometer. Bragg’s law (λ =
2d sin θ) manifests itself in the shape of the curves. Each curve corresponds to one value of the lattice
plane distance d [272]. Existing analysis tools only use a tiny fraction of the available information.
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challenging. In the case of Portland cement concrete – the world’s most widely used manufactured material
– the internal structure and water content, and their effect on concrete behaviour is only beginning to be
understood. Figure 2.55 shows results from grand canonical Monte Carlo simulations of water adsorption
in concrete based on molecular models [274]. It is now recognised that water molecules can be adsorbed not
only in the interlayer space, but also in small cavities present in the defective structure. This knowledge was
crucial for understanding the high mass density measured in complementary small-angle neutron scattering
measurements [275].
Inelastic neutron scattering is an example of a technique that can easily be interfaced to computer
simulations and applied in a complementary fashion to other spectroscopic probes. This complementarity spans from identifying specific interactions of a hemoprotein involved in carcinogenesis and drug
metabolism [276] to the most fundamental understanding of the dynamics of functional groups in pharmaceutical analysis [128], as illustrated in Figure 2.56. In more general terms, the combination of neutron
scattering techniques with other techniques, whether computationally or experimentally (e.g. Raman,
NMR, or X-ray) is fundamental for interpreting neutron scattering experiments and key to understanding
fundamental processes (e.g. in biology) and for developing new advanced functional materials and devices.
Providing interfaces for external sources of information to the software suite at ESS will make it easier for
users to exploit this information, and will encourage the development of new advanced analysis tools that
make possible the use of such external information. An example of such an interdisciplinary analysis tool
is the ComQum-X program that makes possible structure refinement of metal-containing enzymes without

Figure 2.55: Results from grand canonical Monte Carlo simulations of water adsorption in concrete. Top:
Transmission electron microscopy image of clusters of C-S-H, tobermorite-14, that occurs in cement paste.
Courtesy of A. Baronnet. Bottom: The molecular model of C-S-H [274]. Blue and white spheres are oxygen
and hydrogen atoms of water molecules, respectively; the green and grey spheres are inter and intra-layer
calcium ions, respectively; yellow and red sticks are silicon and oxygen atoms in silica tetrahedra.

138

Figure 2.56: Two examples of complementary neutron scattering and scientific computing techniques.
Top: Molecular dynamics simulations combined with quasi-elastic neutron scattering and nuclear magnetic resonance imaging, used to study the dynamics of the enzyme cytochrome P450cam at different
timescales [276]. Bottom: Inelastic neutron scattering in combination with methods based on density
functional theory, used to study the dynamics of the pharmaceutical compound phenacetin [128].
prior knowledge of the metal-bonds by using methods based on density functional theory in combination
with X-ray data [277].
Data analysis software options
Virtual instruments may be used to make the data reduction stage an integral part of the data analysis
process. When a sample model with a number of free parameters is available, it may be possible to perform
the data analysis as an inverse problem in which the free parameters are determined to obtain agreement
between the measured and simulated scattering patterns. Solutions for data analysis and visualisation can
with advantage be developed in the Mantid framework and as part of the Mantid project or interfaced to
Mantid. ESS is expected to host instruments for which there are currently no satisfactory data analysis
programs. The strategies chosen by DMSC will provide maximum flexibility for such instruments in the
future. Many programs besides Mantid could provide significant leverage when integrated into the software
suite, such as GSAS-II for diffraction, PHENIX for macromolecular diffraction [256], StockFit [278, 279]
and GenX [280,281] for reflectometry. Moreover, several existing programs have been, are being, or will be
integrated in Mantid [282], such as HORACE [283], TobyFit [284], McPhase [285], and SANSView [286].
The Atomistic Simulation Environment (ASE) [287] can be used with advantage to interface molecular

2.8. DATA MANAGEMENT AND SOFTWARE FOR INSTRUMENTS AND USERS

139

and materials modelling and simulation programs to the software suite at ESS provided the architecture
in Figure 2.50 is used. ASE supports a large selection of “calculators”, such as VASP [288, 289] for DFT
calculations and LAMPPS for MD simulations [290]. DMSC will work with various existing projects in
order to make tools available to the user community and, if necessary, to develop them further. Moreover, a
well defined API will make it possible for external software developers to ensure that the software developed
by them can work in combination with the software suite at ESS.
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[61] J. P. Abrahams et al. ‘Structure at 2.8 Å resolution of F1 -ATPase from bovine heart mitochondria.’
Nature, 370(6491):621–628, 1994.
[62] B. P. Pedersen et al. ‘Crystal structure of the plasma membrane proton pump.’
450(7172):1111–1114, 2007.

Nature,

[63] J. Kellosalo et al. ‘The structure and catalytic cycle of a sodium-pumping pyrophosphatase.’ Science,
337(6093):473–476, Jul 2012.
[64] E. Balog et al. ‘Direct determination of vibrational density of states change on ligand binding to a
protein.’ Physical Review Letters, 93:28103, 2004.
[65] Z. Bu et al. ‘Coupled protein domain motion in Taq polymerase revealed by neutron spin-echo
spectroscopy.’ In Proceedings of the National Academy of Sciences, volume 102, pages 17646–17651.
2005.
[66] O. G. Mouritsen. Life - As a Matter of Fat: The Emerging Science of Lipidomics. Springer, Berlin
Heidelberg, 2005.
[67] K. Simons, E. Ikonen, et al. ‘Functional rafts in cell membranes.’ Nature, 387(6633):569, 1997.
[68] A. Chenal et al. ‘Deciphering membrane insertion of the diphtheria toxin T domain by specular
neutron reflectometry and solid-state NMR spectroscopy.’ Journal of Molecular Biology, 391(5):872–
883, 2009.
[69] A. P. Le Brun, S. A. Holt, et al. ‘Monitoring the assembly of antibody-binding membrane protein
arrays using polarised neutron reflection.’ European Biophysics Journal with Biophysics Letters,
37(5):639–645, 2008.
[70] C. Johnson et al. ‘Structural studies of the neural-cell-adhesion molecule by X-ray and neutron
reflectivity.’ Biochemistry, 44(2):546–554, Dec 2005.
[71] L. A. Clifton et al. ‘Low resolution structure and dynamics of a colicin-receptor complex determined
by neutron scattering.’ Journal of Biological Chemistry, 287(1):337–346, Jan 2012.
[72] S. Garg et al. ‘Noninvasive neutron scattering measurements reveal slower cholesterol transport in
model lipid membranes.’ Biophysical Journal, 101(2):370–377, 2011.

BIBLIOGRAPHY

145

[73] C. K. Wang, H. P. Wacklin, and D. J. Craik. ‘Cyclotides insert into lipid bilayers to form membrane pores and destabilize the membrane through hydrophobic and phosphoethanolamine-specific
interactions.’ Journal of Biological Chemistry, 288, in press 2013. doi:10.1074/jbc.M112.421198.
[74] K. C. Thompson, A. R. Rennie, M. D. King, et al. ‘Reaction of a phospholipid monolayer with
gas-phase ozone at the air/water interface: Measurement of surface excess and surface pressure in
real time.’ Langmuir, 26(22):17295–17303, 2010.
[75] D. Lingwood and K. Simons. ‘Lipid rafts as a membrane-organizing principle.’ Science, 327(5961):46–
50, 2010.
[76] I. Vattulainen and O. G. Mouritsen. ‘Diffusion in membranes.’ In P. Heitjans and J. Kärger, editors,
Diffusion in Condensed Matter: Methods, Materials, Models, pages 471–509. Springer-Verlag, Berlin,
2nd edition, 2005.
[77] C. L. Armstrong, M. A. Barrett, A. Hiess, et al. ‘Effect of cholesterol on the lateral nanoscale
dynamics of fluid membranes.’ European Biophysics Journal, pages 1–13, 2012.
[78] C. L. Armstrong et al. ‘Co-existence of gel and fluid lipid domains in single-component phospholipid
membranes.’ Soft Matter, 8(17):4687–4694, 2012.
[79] C. L. Armstrong et al. ‘Diffusion in single supported lipid bilayers studied by quasi-elastic neutron
scattering.’ Soft Matter, 6(23):5864–5867, 2010.
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[256] P. D. Adams, P. V. Afonine, G. Bunkóczi, et al. ‘PHENIX: a comprehensive Python-based system
for macromolecular structure solution.’ Acta Crystallographica Section D, 66(2):213–221, Feb 2010.
doi:10.1107/S0907444909052925. See also PHENIX homepage www.phenix-online.org.
[257] ‘Single sign-on - Wikipedia, the free encyclopedia.’
sign-on, last accessed Jan 2013.

http://en.wikipedia.org/wiki/Single_

[258] ‘PANDATA.’ http://www.pan-data.eu, last accessed Jan 2013.
[259] ‘The Cluster of Resarch Infrastructures for Synergies in Physics (CRISP).’ http://www.crisp-fp7.
eu, last accessed Jan 2013.
[260] ‘eduroam.’ http://www.eduroam.org, last accessed Jan 2013.
[261] M. Fromme, A. Houben, K. Lieutenant, et al. ‘Virtual Instrumentation Tool for Neutron Scattering at
Pulsed and Continuous Sources.’ http://www.helmholtz-berlin.de/forschung/grossgeraete/
neutronenstreuung/projekte/vitess/index_en.html, last accessed Jan 2013.
[262] C. L. Jacobsen and S. Skelboe. ‘Data format at ESS for data acquisition and storage.’ Technical
Report, University of Copenhagen, 2013.
[263] S. Campbell. ‘ADARA - Initial test of live streaming reduction.’ http://www.youtube.com/watch?
v=iGAIWoPMbL4&feature=plcp, Aug 2012. YouTube.
[264] S. Campbell. ‘ADARA - Testing multiple listeners and reduction paths.’ https://www.youtube.
com/watch?feature=player_detailpage&v=vP4KiiwBh08, Aug 2012. YouTube.
[265] ‘ROOT - A Data Analysis Framework.’ http://root.cern.ch/drupal/, last accessed Jan 2013.
[266] ‘NeXus scientific data format.’ http://www.nexusformat.org/, last accessed Jan 2013.
[267] ‘ICAT.’ http://www.icatproject.org, last accessed Jan 2013.
[268] T. Otomo. Private communication, Sep 2012.
[269] P. Peterson, M. Doucet, S. Campbell, et al. ‘Live analysis and high performance computing at SNS.’
NOBUGS (New Opportunities for Better User Group Software) 2012 presentation, September 24-26
2012.
[270] L. Mohanambe and S. Vasudevan. ‘Anionic clays containing anti-inflammatory drug molecules: Comparison of molecular dynamics simulation and measurements.’ The Journal of Physical Chemistry
B, 109(32):15651–15658, 2005. doi:10.1021/jp050480m. PMID: 16852983.
[271] P. M. Bentley and R. Cywinski. ‘Evidence for a spin emulsion.’ Physical Review Letters, 101:227202,
Nov 2008. doi:10.1103/PhysRevLett.101.227202.
[272] S. L. Holm and K. Lefmann. Private communication, 2012. Niels Bohr Institute, University of
Copenhagen.
[273] J. C. Smith. Private communication, 2012.
[274] R. J.-M. Pellenq, A. Kushima, R. Shahsavari, et al. ‘A realistic molecular model of cement hydrates.’
Proceedings of the National Academy of Sciences, 106(38):16102–16107, 2009. doi:10.1073/pnas.
0902180106.

156

BIBLIOGRAPHY

[275] J. J. Thomas, H. M. Jennings, and A. J. Allen. ‘Relationships between composition and density of tobermorite, jennite, and nanoscale CaOSiO2 H2 O.’ The Journal of Physical Chemistry C,
114(17):7594–7601, 2010. doi:10.1021/jp910733x.
[276] Y. Miao, Z. Yi, C. Cantrell, et al. ‘Coupled flexibility change in cytochrome P450cam substrate
binding determined by neutron scattering, NMR, and molecular dynamics simulation.’ Biophysical
Journal, 103:2167–2176, 2012.
[277] U. Ryde, L. Olsen, and K. Nilsson. ‘Quantum chemical geometry optimizations in proteins using
crystallographic raw data.’ Journal of Computational Chemistry, 23(11):1058–1070, 2002. ISSN
1096-987X. doi:10.1002/jcc.10093.
[278] ‘Stochfit-Stochastic Methods for Modeling X-ray and Neutron Reflectometry.’ http://stochfit.
sourceforge.net/, last accessed Jan 2013.
[279] S. M. Danauskas, D. Li, M. Meron, et al. ‘Stochastic fitting of specular X-ray reflectivity data
using StochFit.’ Journal of Applied Crystallography, 41(6):1187–1193, Dec 2008. doi:10.1107/
S0021889808032445.
[280] M. Björck and G. Andersson. ‘GenX: An extensible X-ray reflectivity refinement program utilizing
differential evolution.’ Journal of Applied Crystallography, 40(6):1174–1178, Dec 2007. doi:10.1107/
S0021889807045086.
[281] ‘GenX.’ http://genx.sourceforge.net/index.html, last accessed Jan 2013.
[282] T. Perring. ‘Advanced visualisation and quantification of neutron data.’ NOBUGS (New Opportunities for Better User Group Software) 2012 presentation, September 2012.
[283] ‘Horace.’ http://horace.isis.rl.ac.uk/, last accessed Jan 2013.
[284] ‘TobyFit.’ http://tobyfit.isis.rl.ac.uk/, last accessed Jan 2013.
[285] ‘McPhase.’ http://www.mcphase.de/, last accessed Jan 2013.
[286] ‘SansView.’ http://danse.chem.utk.edu/sansview.html, last accessed Jan 2013.
[287] ‘Atomic Simulation Environment.’ https://wiki.fysik.dtu.dk/ase/, last accessed Jan 2013.
[288] G. Kresse and J. Furthmüller. ‘Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set.’ Computational Materials Science, 6:15, 1996. See also
http://www.vasp.at.
[289] G. Kresse and J. Furthmüller. ‘Efficient iterative schemes for ab initio total-energy calculations using
a plane-wave basis set.’ Physical Review B, 54:11169, 1996. See also http://www.vasp.at.
[290] S. J. Plimpton. ‘Fast parallel algorithms for short-range molecular dynamics.’ Journal of Computational Physics, 117, 1995. See also http://lammps.sandia.gov/index.html.

