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The Instrument Suite of the European Spallation Source

Abstract

An overview is provided of the 15 neutron beam instruments making up the initial
instrument suite of the European Spallation Source (ESS), and being made available to the
neutron user community. The ESS neutron source consists of a high-power accelerator and
target station, providing a unique long-pulse time structure of slow neutrons. The design
considerations behind the time structure, moderator geometry and instrument layout are
presented.

The 15-instrument suite consists of two small-angle instruments, two reflectometers, an
imaging beamline, two single-crystal diffractometers; one for macromolecular
crystallography and one for magnetism, two powder diffractometers and an engineering
diffractometer, as well as an array of five inelastic instruments comprising two chopper
spectrometers, an inverse-geometry single-crystal excitations spectrometer, an instrument
for vibrational spectroscopy and a high-resolution backscattering spectrometer. The
conceptual design, performance and scientific drivers of each of these instruments are
described.

All of the instruments are designed to provide breakthrough new scientific capability, not
currently available at existing facilities, building on the inherent strengths of the ESS long-
pulse neutron source of high flux, flexible resolution and large bandwidth. Each of them is
predicted to provide world-leading performance at an accelerator power of 2 MW. This
technical capability translates into a very broad range of scientific capabilities. The
composition of the instrument suite has been chosen to maximise the breadth and depth of
the scientific impact of the early years of the ESS, and provide a solid base for completion
and further expansion of the facility.

Keywords: slow neutron scattering, pulsed neutron instrumentation, accelerator-based
neutron facilities, ESS instrument suite
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1. Introduction

The European Spallation Source (ESS) is currently under construction in Lund, Sweden. When
complete, it will provide a suite of 22 neutron beam instruments to the scientific user
community, arranged around a spallation neutron target and moderator assembly, fed by a
5 MW proton accelerator. The facility, including all the instruments, is designed to provide
world-leading performance, with new and unique instrumental capabilities providing the
means to make progress and achieve breakthroughs across a broad spectrum of physical and
biological sciences. The scientific and technical vision is described in the ESS Technical Design
Report (TDR) [1].

Unlike conventional pulsed spallation sources, where the proton pulse impacting the target
is of the order of 1 ps in length, the ESS is designed to deliver significantly longer proton
pulses. The ESS accelerator delivers a 2 GeV proton pulse of 2.86 ms in length, with a
repetition rate of 14 Hz, impacting on a tungsten target in which fast neutrons are produced
by spallation. These are then slowed down in a moderator-reflector assembly which will
produce the world’s highest brightness of cold and thermal neutrons, using liquid
parahydrogen and water, respectively. The moderator geometry was the topic of a careful
optimisation [2,3] in which source properties, guide design and instrument performance
were considered together so as to maximise instrument performance while allowing an
unprecedented level of flexibility and upgradeability. The moderator system makes use of
the new concept of low-dimensional moderators with a moderator height of 3 cm and a
“butterfly” layout of the hydrogen and water moderators, allowing all instrument positions
to choose freely between cold and thermal neutron spectra.

The particular time structure of the ESS neutron source provides a number of advantages for
the instruments [4,5]:

e The low repetition rate lends itself naturally to measuring over a large bandwidth of
neutron energies, which is particularly useful for studying hierarchical systems with
structure (or vibrations) over many length (or time-) scales. This characteristic is
enhanced by the moderator design, in which the adjacent placement of the cold and
thermal moderators allows instruments to use both spectral ranges simultaneously,
becoming effectively “bispectral”.

e The pulse length of 2.86 ms provides adequate wavelength resolution with very high
flux for low-resolution applications, such as small-angle scattering, reflectometry,
imaging and single-crystal diffraction. For instruments requiring high resolution, it
provides an unparalleled level of flexibility, with the pulse length for each instrument
selected using a “pulse-shaping” chopper placed close to the monolith shielding of
the target station, with a variable opening time allowing an optimal and tuneable
trade-off between resolution and beam intensity for each experiment.

In this Introduction to the instrument suite at the ESS, we will outline how the main design
parameters of the facility were optimised: the neutron source time structure, the design of
the moderators, the layout of the instrument halls and the choice of the initial suite of
instruments.
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1.1 Optimising the source time structure

At a long-pulse source such as the ESS, the time width of the slow-neutron pulses is primarily
determined by the duration T of the proton pulse incident on the target, which greatly
exceeds the moderation time in the moderator-reflector assembly. The accelerator time
structure is essentially defined by t, together with the repetition period T of the proton
pulses. One of the early challenges of the ESS design was to decide on the optimal
combination of T and T for the facility as a whole, balancing cost and capability of the
accelerator while maximising the performance of the neutron beam instruments.

For reference the accelerator repetition rates of currently-operating pulsed spallation
sources cover a range of frequencies from 10 Hz (ISIS Target Station 2) to 20 Hz (Lujan
Center), 25 Hz (J-PARC Material and Life Science Experimental Facility), 50 Hz (ISIS Target
Station 1) and 60 Hz (Spallation Neutron Source, Oak Ridge). At these facilities, the time
width of the neutron pulses is primarily determined by the moderator characteristics rather
than the duration of the proton pulse, and is typically of the order of 10-100 us, varying with
neutron energy and moderator design.

At an early stage in the ESS project, the technical baseline was set for a 20Hz repetition rate
with a proton pulse length of 2ms, resulting in a duty cycle of t/T = 1/25 and a peak power of
125 MW when operating at a time-average accelerator power of 5 MW. These parameters
were influenced by the experience of the superconducting linac at the SNS as to the optimal
compromise between performance, reliability and cost, resulting in the peak accelerator
power at the ESS being capped at 125 MW. However, analysis of a straw-man suite of 22
instruments indicated a number of potential issues in instrument layout and performance,
which could be resolved by small but impactful changes to the repetition rate and proton
pulse length, while maintaining the peak power and duty cycle [6].

1.1.1 Simplicity

When the wavelength resolution required by the instrument is better than that provided by
the source pulse length, a puise-shaping chopper is used to reduce the effective pulse
length. This introduces the advantage of allowing the wavelength resolution to be adjusted
on the fly to choose the optimal trade-off between resolution and flux for each experiment.
The implementation of pulse-shaping choppers varies somewhat for different instrument

types.

Chopper spectrometers extract a pulsed monochromatic beam of neutrons by phasing a
chopper with a short opening time placed close to the sample, with respect to the source
pulse. In this case, the optimum repetition rate is often higher than that given by the
neutron source itself. This is addressed at the ESS by making use of repetition-rate
multiplication (RRM), in which a sequence of different wavelengths is selected from each
source pulse [7,8], allowing the time frame to be usefully filled between subsequent proton
pulses, and greatly increasing the dynamic range of the measurement. In this case, the
pulse-shaping chopper can be placed some distance from the source and run at an integer
multiple of the source frequency, such that subsequent chopper openings extract different
incident energies.
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The majority of instruments at pulsed sources make use of a continuous wavelength band.
They are termed “white-beam” instruments, though in practice their bandwidth usually
needs to be restricted in order to avoid frame overlap. When a pulse-shaping chopper is
needed on a white-beam instrument, it is always placed as close to the source as possible, in
order to minimise the reduction in bandwidth, resulting from the finite distance L; between
the source and the chopper. At ESS L; is set by the dimensions of the target shielding
monolith and the shutter system around it to around 6.3 m. When the ratio between L; and
the length L, between the pulse-shaping chopper and the instrument’s detectors is equal to
the duty cycle t/T, the wavelength band transmitted through the pulse-shaping chopper fully
fills the available time frame, avoiding both frame overlap and wasting counting time on
unnecessary waiting time between subsequent neutron pulses. This is known as the
“natural” length of the instrument and is illustrated in Figure 1 (a).

The bandwidth of a white-beam instrument with a pulse-shaping chopper can be expressed
rather simply as AA = 4T/L,, where the bandwidth AA is in A, L, is in m and T is in ms.
Instruments which are set to the natural length thus have a fixed bandwidth, unless they
choose to skip pulses, which is usually not optimal. Some white-beam instruments therefore
choose a length which is less than the natural length, in order to achieve their required
bandwidth. When such instruments use a pulse-shaping chopper to adjust their wavelength
resolution, they employ a technique known as wavelength-frame multiplication (WFM), in
which the reduction in bandwidth imposed by the placement of the pulse-shaping chopper is
compensated by extracting a sequence of pulses [9]. In WFM, the pulse-shaping chopper is
run at an integer multiple of the source frequency, extracting a sequence of pulses each
covering a wavelength band which, when combined, overlap to leave no gaps in wavelength
coverage, resulting in a full bandwidth equivalent to running with no pulse-shaping chopper
or with one placed very close to the source. The time-distance diagram of 3-fold WFM is
shown in Figure 1(b).

—
Q
~
-
—_
(=2
~

distance
distance

L,/3

- HiEEEHEFFHHE A
I i L

T time time

Figure 1 Pulsing schemes for white-beam instruments at a long-pulse source. (a) lllustrating
the “natural” length of an instrument with a pulse-shaping chopper: fully filling the time
frame with the bandwidth transmitted by the pulse-shaping chopper. (b) using three-fold
wavelength-frame multiplication to achieve the same objective on an instrument one-third of
the length. Note that an additional chopper has been added to the WFM scheme, in order to
avoid contamination of the signal from the unwanted additional openings of the fast pulse-
shaping chopper. This is known as a “bandwidth” or “frame-overlap” chopper.

Page 10 of 92



About half of the instruments in the straw-man suite (SANS, reflectometry, spin-echo,
monochromator-based) were not very sensitive to the time structure and therefore did not
greatly influence the process of optimising the time structure. The other instruments
generally employed pulse-shaping choppers with opening times which could be varied from
very short to the full length of the proton pulse. Their optimum length was given by their
wavelength-resolution requirement when operating in their lowest-resolution mode of 5-
10%, which is achieved by accepting the full source pulse. For a proton pulse length of t =2
ms, corresponding to a 20Hz repetition rate, this resulted in instrument lengths of typically
100 m, increasing linearly with pulse length. At a repetition rate of 14Hz, corresponding to a
proton pulse length of t = 1/(25x14Hz) = 2.86 ms, the optimum length of these instruments
was approximately 160 m. This coincides with the natural length of an instrument with a
pulse-shaping chopper.

Running the neutron source at 14 Hz and 2.86 ms, thus allows many of the instruments to
run without WFM, reducing the need for complicated multiplexing chopper systems, greatly
simplifying their data reduction procedure, and avoiding systematic errors associated with
merging overlapping data sets.

1.1.2 Flexibility, operability and upgradeability

By choosing a source repetition rate of 14 Hz, the optimum length of many of the
instruments thus comes out to be 160 m. This means that a single dedicated instrument hall
can be built for those instruments instead of several smaller halls, improving many of the
operational aspects: sample environment and sample preparation labs can be situated more
conveniently with shorter distances to transport samples and equipment between the
instruments and fewer labs required to service the instruments. It also reduces the cost of
the buildings.

Having a common length for many types of instruments will also allow ESS to plan better,
reserving space for expansion of the instrument hall for future instruments. In addition, it
gives more scope for instrument upgrades, as the instrument length optimised for the
original instrument is more likely to be optimal for the upgraded version. This builds in
flexibility for the future.

The 160 m instruments will have longer guides than any existing instruments. A considerable
effort has therefore gone into ensuring that the performance of such very long neutron
guides firstly is well understood and optimised [10,11,12,13,14] and secondly that the
building infrastructure is able to ensure a high stability of the guide supports. For the
majority of their length, these long neutron guides will therefore be supported by piles
which rest on the bedrock below the floor. The piles are decoupled from the floor on which
the guide shielding will rest, which is less sensitive to movements.

1.1.3 Favouring cold-neutron performance through increased bandwidth

In the analysis of the variation in performance of the straw-man instrument suite with the
time structure, the overall effect averaged over the suite was largely neutral. This global
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averaging, however, concealed some significant deviations from the mean when moving
from 20 Hz and 2 ms to 14 Hz and 2.86 ms.

a) SANS, reflectometry and spin-echo instruments benefitted from the increased
wavelength range offered by the longer repetition period. Their performance did not
suffer significantly from the degraded wavelength resolution arising from the
correspondingly increased pulse length. 7 of the 22 instruments fell into this
category.

b) Some instruments made only limited use of the source time structure. These
included fundamental physics and crystal-monochromator instruments, for which
mainly the time-average flux is important. 2 of the 22 instruments fell into this
category.

c) Instruments such as chopper spectrometers which employ RRM had a weak
preference for shorter repetition periods. They use RRM to compensate for the fact
that their preferred repetition frequency is much higher than the source frequency. A
higher source frequency would reduce their need for RRM and makes their data-
collection strategy more similar to existing instruments, simplifying their data
analysis. 3 of the 22 instruments fell into this category.

d) Very high resolution instrument such as backscattering and high-resolution
diffraction also had a preference for shorter repetition periods. These instruments
cut out only a small fraction of the pulse length to achieve the desired resolution and
did not benefit greatly from the increased wavelength range offered by the increase
in repetition period. 3 of the 22 instruments fell into this category.

e) Instruments which employ WFM had a weak preference for a longer repetition
periods, as it removes the need for WFM as described in the previous section. 7 of
the 22 instruments fell into this category.

The biggest winners were the intrinsically low-resolution instruments in category (a) above.
This is consistent with a strategy of favouring the performance of the cold-neutron
instruments, addressing questions in soft condensed matter and the life sciences. Favouring
the natural strengths of a long-pulse source in this is way will serve to maximise its scientific
impact.

1.1.4 Increasing the plateau region of the neutron pulse

Many of the instruments at the ESS will employ a pulse-shaping chopper to define the
source time structure. When the pulse at the source is significantly longer than the opening
time of the pulse-shaping chopper, a regular trapezoidal resolution function is obtained by
phasing the chopper to open during the plateau region of the source pulse. When the source
pulse is comparable to the opening of the pulse-shaping chopper, a less favourable
resolution is obtained, as well as a loss of integrated flux, as illustrated in Figure 2 below.
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Figure 2 Pulse-shaping chopper with a 1.5 ms opening, using a 2.86 ms (a) and a 2.00 ms
source pulse (b).

As can be appreciated from these figures, using a chopper to extract a 2.00 ms wide pulse
would result in an even more favourable comparison for the 2.86 ms moderator pulse. For
instruments where the shape of the resolution function is of high importance, their design
should be adapted to use only the flat top of the source pulse.

1.2 Moderator Design

A key design feature of the ESS moderator system is the flexibility allowed by co-locating
thermal (water) and cold (parahydrogen) moderators, so that both are viewable at the
entrance window of the guides serving the instruments. This allows all instruments to freely
choose the spectrum they need by aligning their guide system to point at the desired source
and, if required, employ a bispectral switch system [15,16,13] to stitch the cold and thermal
spectra together, thus increasing the available bandwidth. This became a design
requirement on the moderator and beam extraction system from an early stage in the
project: to allow each beamport to freely choose its neutron spectrum: cold, thermal or
bispectral, thus maximising the flexibility availability to instrument designers and hence
instrument performance.

The TDR design of the ESS moderators employed volume parahydrogen moderators, as
pioneered and implemented at J-PARC [17] with slab-shaped water wings acting as the
sources of thermal neutrons. This was calculated to deliver a time-average neutron
brightness equivalent to that of the ILL. Shortly after publication of the TDR [1], it was
realised that significant increases in both cold and thermal neutron brightness could be
achieved by reducing the height of the moderators. Some of the brightness increase is offset
by the reduced illumination of the neutron guide system when viewing a smaller source. This
trade-off was the subject of a comprehensive optimisation study [2], resulting in the choice
of a height of 3 cm for both the cold and thermal moderators. Compared to the TDR
moderator system, the instrument suite gained an average flux increase of about a factor of
2. The ESS moderator performance is illustrated in Figure 3, in which a single neutron pulse
at a wavelength of 5 A is shown in comparison to the leading neutron sources of today.
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Figure 3 Time-dependent brightness of the ESS cold moderator at a wavelength of 5 A. For
comparison, the source brightness available at the neutron sources ISIS in the UK, SNS in the
US, J-PARC in Japan, and ILL in France are shown for the moderators used for this
wavelength. For ISIS, SNS and JPARC, the pulse shapes of more than one moderator are
shown, to illustrate the trade-off between resolution and intensity available there. For ESS,
three pulse heights are shown: That corresponding to the TDR moderator design (full blue),
the current design at 5 MW of accelerator power (blue line), and at 2 MW (red line),
corresponding to the accelerator power in 2025, at the end of the ESS construction project.

While the vertical dimensions of the moderators were being optimised for maximising the
flux on the instruments, a variety of possible horizontal layouts of the cold and thermal
moderators were also considered. These were evaluated based on three criteria: (1) side-by-
side co-location of cold and thermal moderators to allow spectral flexibility for as many
beamports as possible, (2) large projected width of both moderators seen from the guide
entrance, to maximise the guide illumination, (3) high spectral brightness for as many
beamports as possible. The best solution to these constraints was the “Butterfly” geometry,
shown in Figure 4.
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Figure 4 Butterfly moderator design. The dark blue colour indicates parahydrogen. The main
hydrogen volume is about 24 cm wide. The light blue volumes are water. The proton beam is
incident from the right. Each beamport is oriented to point at the nearest water-hydrogen
junction. Cold or thermal spectra can be extracted by tilting the guide system within the
beamport to point at the adjacent hydrogen or water region, respectively. More detail on the
moderator optimisation and beam extraction can be found in [2,3].

By having a single moderator assembly above the spallation target serve all of the currently-
planned instruments, we leave scope for a future, as yet unspecified moderator below the
target. This provides an upgrade path for future capabilities which might include enhanced
performance for very cold neutrons or a large-area cold moderator for a dedicated particle-
physics experiment.

1.3 Facility Layout

The primary upgrade path of the ESS was identified from an early stage as the addition of
more instruments in the main experimental halls, rather than the construction of a second
target station. This is a departure from the approach taken at the current short-pulse
spallation sources, several of which already have or are considering a future second target
station. Tied to the ESS upgrade path is the upgradeability of the first target station. This is
limited by the number and size of the openings in the target monolith through which
neutron beams can be extracted. Current short-pulse spallation sources incorporate
between 20 and 23 such beamports. The ESS target monolith is designed to allow the
extraction of neutron beams through 42 beamports, at an angular spacing of 6°, about half
the angular separation at other facilities. This large number of beamports ensures adequate
scope for increasing the number of instruments at the ESS before needing to build a second
target station. Adding instruments at a single target station is far more cost-effective: it adds
value to existing infrastructure, such as the experimental halls and the target station, and
does not require an expensive upgrade to the accelerator in order to provide proton beam
to more than one target station.
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The beamports at ESS serve instrument halls which are arranged in sectors, labelled with
their compass directions, as shown in Figure 5. The 42 beamports are labelled by their sector
(N, S, E, W) and a number between 1 and 11 where 1 is used for the beamport at 30° to the
proton beam axis. By convention, the beamports perpendicular to the proton beam axis are
labelled S11 and W11.

scale

1
150 m 200 m

DREAMIC %" south  East &
- 1
Figure 5 Layout of the Instrument Suite, arranged in the four experimental halls labelled with
their compass directions. The proton beam is incident from the right.

The West sector is designed for instruments with an average length of 165 m. That length is
determined by the closest distance which a pulse-shaping chopper can be placed to the
source, of L1=6.3 m, and the source duty cycle of t/T=1/25. The instrument length which
allows the full bandwidth transmitted by the pulse-shaping chopper to be used, while just
avoiding frame overlap, is given by L1(1+T/t) = 165 m, as illustrated in Figure 1 (a).

The South sector is foreseen for instruments between 50 m and 80 m in length, while
instruments in the East and North sectors will be shorter still (down to about 20 m). The
instrument halls are designed to allow instruments to populate all the beamports in the
West and South sectors, while the shorter length of the instruments in the North and East
sectors will cause some instruments to prevent the use of adjacent beamports due to the
lateral size of their instrument components such as their cave shielding. In the North sector,
where the shortest instruments are, we expect to be able to use every other beamport,
resulting in an effective beamline separation of 12°, as achieved at current short-pulse
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spallation sources. The East sector will be intermediate. The net result is that we expect
about 32-35 of the beamports to be useable at any one time.

The instrument halls are dimensioned to accommodate the 22 instruments foreseen within
the current scope of the ESS. A significant upgrade to that number might require extensions
to the halls or the construction of new halls. To facilitate such construction, a number of
areas adjacent to the North, South and West sectors have been designated as upgrade areas
which are kept clear for future expansion.

The target monolith is surrounded by a shielding structure, known as the bunker, which
provides a common shielded space in which instrument components such as choppers are
installed, and separated from the experimental halls by a 3.5 m thick shielding wall. The
open bunker volume extends to a distance of 11.5 m from the target centre-line for the
North and East sectors, and 24.5 m for the South and West sectors due to the greater
instrument length in those sectors. This both saves on the cost of shielding for individual
instruments, and provides additional integrated shielding around the target monolith, so as
to satisfy the very low background requirements of the instruments. Access inside the
bunker will take place only during accelerator shutdowns. Maintenance and installation of
the in-monolith optics of individual instruments is performed by horizontal extraction of the
monolith beam plugs into the bunker area.

Due to the small angular separation of the beamlines, there are no beam shutters integrated
into the monolith. Instead, at the monolith wall at 5.5 m from the target centre-line, a 50 cm
long light shutter system (LSS) is installed at each beamline, which allows the insertion of a
gamma blocker into the beam axis, intended only to be used when the proton beam is off,
so as to allow safe access into the bunker area for maintenance. Each instrument has one or
more beam shutters located downstream from this position, to allow normal operation of
the beamline and/or maintenance access to components upstream of the instrument cave.

1.4 Instrument Selection

As mentioned earlier, a reference suite of 22 instruments was assembled for the TDR in
2013, based on a set of science drivers, identified at the time, which was used for outlining
the technical and scientific scope of the ESS project, as well as for planning and budget
purposes.

All instruments were designed to make optimal use of the unique design of the ESS neutron
source, in order to maximise their scientific output. The high source brightness can be used
in a number of transformative areas:
e Measuring very small amounts of sample, or to probe volumes/areas of larger, non-
uniform samples
e Measuring very quickly, giving access to kinetics on the tens of ms time scale
e Making parametric studies, covering large volumes of parameter space such as
temperature, flow conditions, magnetic field, pressure, etc.
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e Studying weak effects, i.e. small cross-section events requiring high counting
statistics

e Polarised-neutron studies, allowing the separation of coherent, incoherent and
magnetic scattering, again at the expense of beam intensity

An instrument selection process was set up, consisting of annual competitive proposal
rounds. Instrument concepts were developed around their science case, resulting in
instrument proposals being submitted over three proposal rounds in 2013, 2014 and 2015.
In each proposal round, the submitted proposals were peer-reviewed and ranked in order of
scientific interest that would best serve the future scientific community of the ESS. A
strategy for early scientific success was formulated which prioritised instruments falling
within the following categories:
e World-class instruments that address the needs of the bulk of the user community
and thus bring in our community and ensure early high-impact science.
e Instruments that build on the unique strengths of the ESS source, providing
transformative new capabilities.
e Instruments catering to science communities with limited neutron usage today, but
with clear potential to bring large scientific impact.

Over the course of this process, 39 individual instrument concepts were studied. Of these,
some competing concepts were merged into collaborative proposals, and a few did not
result in complete concepts. A total of 26 instrument proposals were submitted over the
three proposal rounds, resulting in the suite of 15 instruments listed in Table 1, which is
shown together with the remaining instruments from the TDR reference suite. A complete
listing of the instrument concepts studies can be found in [18]
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Table 1 ESS Instrument Suite. Highlighted and named instruments (e.g. ODIN) are those
which are currently in construction. The others are the remaining instruments from the TDR
reference suite, which serve as placeholders for instruments 16-22. The main scientific
communities addressed by the instruments are indicated with the symbols shown.
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The 15-instrument suite includes many workhorse, general-purpose instruments addressing
wide and varied user communities, while also including a number of more specialised
instruments, consistent with the early success strategy. The science enabled by the
instruments will be supported by a number of essential activities related to sample
environment, user laboratories, instrument technologies, control and analysis software, and
so on, the description of which generally falls outside the remit of this paper. One
instrument technology which deserves a specific mention, however, is in the area of neutron
detectors. The instrument projects are supported by significant developments in detectors in
order to deal with the very high count rates expected at ESS, and also to provide alternative
technologies based on thin films of '°B to compensate for the reduced availability and
increased cost of *He gas over the last decade. Many of the instrument concepts outlined
here would not be feasible without these developments.

The present paper provides a systematic overview of the initial instrument suite of the ESS.
It is intended as a reference for the instrument suite, and can be considered as a partial
update to the TDR. It covers both the scientific scope and technical performance of each of
the 15 user instruments, as well as a test beamline for characterising the moderator
performance.

The instruments all pass through a series of project phases, and at the time of writing, all of
them have passed from preliminary to detailed engineering design. Their scope and
performance have thus been fixed and form the basis of the descriptions in this paper.

For all instruments, their design has been optimised and their performance thoroughly
evaluated using both analytical calculations and Monte-Carlo ray-tracing simulations by
means of the established software packages McStas [19] and VITESS [20].

Many instruments have well-identified upgrade paths to expand their day-one scope, often
involving an increase in detector coverage. This occasionally motivates aspects of the design
of the instrument, in which case it is covered in the instrument descriptions, though in all
cases, the emphasis is on the day-one scope. Instrument performance is given at an
accelerator power of 2 MW, the power level foreseen within the ESS construction budget.

The instruments are arranged by instrument class: section 2 covers instruments measuring
large-scale structures, including small-angle neutron scattering, reflectometry and
macromolecular crystallography. Section 3 covers the instruments for imaging and
engineering diffraction, as well as the test beamline, while section 4 describes the diffraction
instruments, covering both powder and single-crystal instruments. The spectroscopy
instruments are covered in section 5, including both direct-geometry (monochromatic)
instruments and indirect-geometry instruments. The paper concludes with a summary and
outlook section.
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2. Instruments for Large-Scale Structures

The functionality of a material or macromolecule is very often related to the nuclear and
magnetic structure and interactions on the nanometre to micrometre length scale. The types
of system studied by instruments in this class include macromolecules, molecular
assemblies, nanoparticles, complex fluids, polymers, composites, alloys and geological
materials.

ESS has five instruments that fall into the category of large-scale structures. These
instruments focus on providing new scientific capability through enabling exploration of
wider parameter spaces in more detail, measurements on smaller samples and gauge
volumes, and shorter time-scale kinetics measurements. Two small-angle neutron scattering
(SANS) instruments, LoKl and SKADI, provide nanometre to micrometre nuclear and
magnetic structure. Two neutron reflectometers, Estia and FREIA, provide the nuclear and
magnetic structure of thin films up to a few hundred nanometres in thickness with a
resolution of a few Angstrom. The neutron macromolecular crystallography instrument,
NMX, provides atomic resolution structure of macromolecules, primarily proteins, making
use of the sensitivity of neutron scattering to hydrogen.

LoKl and SKADI are a complementary pair of SANS instruments that together cover the
resolution-bandwidth space available at ESS, both viewing the cold part of the moderator.

QA
Q™
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Figure 6 (a) Q-space available at each instrument with different collimation settings (black =
LoKl, red = SKADI, blue = SKADI VSANS) in a single measurement at 14 Hz (short dashes) and
7Hz (short dashes and long dashes) using a 10x10 mm’ sample aperture and typical
wavelength ranges. (b) Q ranges available to the reflectometry instruments (black=Estia,
red=FREIA) at 14 Hz (short dashes) and with pulse-skipping (short and long dashes, 4.7 Hz for
Estia, 7 Hz for FREIA), using typical wavelength ranges and incident angles (0.45°, 1.25° and
3.42° for FREIA and 1.1° for Estia) and without moving the sample. Bars to the right shows
the simultaneous Q-range available.

The two SANS instruments together deliver Q-range coverage from 2 A* to 1x10™* A*,
spanning the size range from nanometres to micrometres. A broad range of sample
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environment can be used on both instruments interchangeably, and SKADI enables studies
of magnetic materials with the availability of a polarised beam and support for the use of a
polarised->He analyser.

The two reflectometers work together to support the full range of science done with the
technique. The instruments enable access to horizontal, free-liquid surfaces (FREIA), buried
and free interfaces in the horizontal and vertical planes, and the study of magnetic materials
(Estia). Both instruments have high beam flux and unique designs that enable fast
measurements. The Selene guide concept of Estia enables access to measurements on
samples as small as Imm?.

The SANS and reflectometry instruments all make full use of the flexibility afforded by the
ESS time structure to deliver access to a wide Q-range in a single measurement (Figure 6).
The instruments also have operational modes that enable the Q-range and resolution to be
tailored to the experiment in question.

The NMX Macromolecular Diffractometer is a time-of-flight (TOF) quasi-Laue diffractometer
optimised for small samples and large unit cells dedicated to the crystallographic structure
determination of biological macromolecules. The main scientific driver is to locate the
hydrogen atoms relevant for the function of the macromolecule.

2.1 LoKl = Broad-Band Small-Angle Neutron Scattering

LoKI Quick Facts

Instrument Class SANS

Moderator Cold

Primary Flightpath 23.5m,L;=3,5,8m
Secondary Flightpath LL=15m,3m,5-10m
Wavelength Range 2-22 A

Standard Mode (14 Hz)

Bandwidth 7.5A L, =10 m]

10 ALy =5 m]

Flux at Sample at 2MW 4x10%n s cm™ [Ly=3m]
5.6x10" ns*cm™ [Ly =8 m]

Q-Range 0.01-2 A% [L;=3m, L, =1.5,5m]
0.005-2 A*[L;=8m, L, = 1.5, 10 m]

Pulse Skipping Mode (7 Hz)

Bandwidth 15 A [L, =10 m]
20A[L,=5m]

Flux at Sample at 2MW 2x108 n st em™@[L; =3 m]
2.8x10" nstem?[L; =8 m]

Q-Range 0.005-2 A* [Ly=3m, L,=1.5,5m]
0.002—2 At [L;=8m, L, =1.5,10 m]
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Table 2 LoKI Quick Facts. L; and L, refer to the length of the collimation section and sample-
detector distance, respectively.

2.1.1 LoKl Science Case

LoKI is one of two small-angle neutron scattering (SANS) instruments at ESS, designed with
the needs of the soft matter, materials, and bio-science communities in mind. The trend in
all these fields is towards complexity and heterogeneity. These factors manifest themselves
both spatially and temporally, and therefore the high flux (up to 2 x 10% n s cm™ at sample
position at 2 MW accelerator power), small beam sizes and wide simultaneous Q-range (10
to 2 A") available at LoKI, will make it optimal for performing structural and time-resolved
studies.

The small beam sizes/high flux available at LoKl are expected to make scanning, flow-
through and microfluidic experiments routine. The wide simultaneous Q-range will benefit
dynamic structures, such as systems under shear. A high flux and good signal-to-noise ratio
will allow for high throughput, and greatly improve the study of weakly scattering biological
samples. Large area detector arrays have been developed, which allow the entire Q-range to
be accessed without any movement of the main instrument optics or the sample.

Moreover, LoKl is uniquely suited to studying dynamic systems, which change their structure
over short periods of time, enabling “single-shot” kinetic measurements in sub-second time
scales, similar to modern day X-ray facilities. Such changes may be induced by internal and
external influences, such as flow, stress/strain, temperature, chemical composition,
pressure, humidity, magnetic and electric fields. LoKI also aims to answer the ever-growing
demand by the user community to perform in situ and/or simultaneous characterisation of
the system under investigation with SANS. Thus, LoKl has been designed with a flexible
sample area with the potential to support the use of multiple simultaneous techniques,
integrated with neutron data collection so that correlation of analysis between methods can
be routinely employed.

As the key scientific drivers for LoKl are to allow fast measurements across the scientific
scope of SANS research, it is expected to cover a wide-range of scientific interests, including:

*  Complex fluids under flow using rheology and microfluidics;

* Formation of gels in situ;

*  Weakly scattering biological systems;

* Non-equilibrium systems involving fast exchange kinetics;

* Inoperando fuel cells and batteries;

* Materials which transform their structures in response to external stimuli, e.g. light,

temperature, pressure and magnetic and electric fields.

2.1.2 LoKl Instrument Layout
LoKl is located in the north sector on beamport N7 and views the cold part of the moderator.

An overview of LoKlI can be seen in Figure 7. The instrument makes use of a pair of benders
located in the monolith and the bunker wall. The benders have a radius of curvature of 61.25
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m, with 5 channels and m=3 supermirror coatings on all surfaces. The bender pair provides
for twice out of line-of-sight curvature to minimise the intrinsic background, and offsets the
beamline down vertically by approximately 0.5 m. The guide size is 30 mm x 25 mm (H x V)
throughout the instrument.

ESS LoKI Sample at 23.5 m

Monolith = Bunker

Figure 7 LoKlI instrument layout. Components shown in white are foreseen upgrades.

The in-bunker section of the instrument consists of a bandwidth chopper pair at 6.5 m from
the source, a straight m=2 guide section, and an instrument shutter. The bandwidth chopper
pair selects the wavelength range and the two disks are configured to cut the beam from the
same direction and provide a variable opening via changing the relative phasing of the pair.

After the second bender, which is placed in the bunker wall, is another chopper pair, placed
at 15.1 m from the source, to suppress frame overlap. Similarly to the bandwidth choppers,
the frame overlap chopper disks cut the beam from the same direction and allow for a
variable opening. The frame overlap chopper pair is followed by the collimation section
which consists of two moveable blocks, each made of steel and polyethylene, and each
containing an open beam tube with boronated walls and an m=2 guide section.

The combination of positions of the two blocks gives LoKI possible collimation lengths of 8
m, 5 m, and 3 m, with 4-jaw slits used to define the beam size and position. After the
collimation is a flight tube of adjustable length leading to the sample position, at 23.5 m
from the source, where a choice of 4-jaw slit or pre-defined apertures are available to match
the beam size to sample requirements.

Using the full ESS pulse of 2.86 ms and two pairs of choppers will provide a wavelength band
of up to 10 A at 14 Hz and up to 20 A at 7 Hz. Space for additional wavelength frame
multiplication (WFM) choppers is reserved in the bunker to allow upgrade to a measurement
configuration with improved wavelength resolution.

The LoKI sample area has been designed to support installation of any ESS standard sample

environment and has a mounting and interchange system that allows easy transfer of
equipment between LoKI and SKADI.
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The detector array system on LoKl is composed of multiple banks of stacked 198_coated
straw-tubes [21] from Proportional Technologies Inc. The front banks are centred at ~1.5 m
from the sample, and the middle banks are centred at ~3 m from the sample, tilted slightly
to maximise coverage. Finally, the rear bank is moveable between 5 m and 10 m from the
sample. This design and technology provides large coverage with good efficiency.

2.1.3 LoKI Expected Performance

Simulations using McStas indicate that LoKI will have a maximum flux on sample of 2 x 10%n
stem? using the 3 m collimation length at 2 MW acccelerator power. The flux on sample is
dependent on the collimation choice and Figure 8 shows the flux on sample as a function of
beam divergence which is relevant for both minimum Q and AQ/Q resolution

Divergence Limited Minimum Q at 10 A (A7)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 X‘]O-3
| | | | | | | |

Flux at Sample (n/s/cmz)

[ [ [ [ [ [ [ [
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Beam Divergence (degrees)

Figure 8 LoKl flux as a function of beam divergence and divergence-limited minimum Q. The
beam divergence given is the full width of the divergence distribution. The minimum Q is
determined by the longest wavelength of 10 A in the standard 14 Hz mode, as well as, in
practice, the beam stop size and detector resolution.

2.2 SKADI — Small-Angle Neutron Scattering with High Resolution
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SKADI Quick Facts

Instrument Class SANS

Moderator Cold

Primary Flightpath 36.5m,L,=4,8,14,20 m
Secondary Flightpath L, =0.8-4m,4-18.5m,20 m
Wavelength Range 3-21A

Polarised Incident Beam optional

Q-Range for VSANS option | Down to 10" A*

Standard Mode (14 Hz)

Bandwidth 5A[L,=20m]

Flux at Sample at 2MW 9x10% n st cm™ [Ly =4 m]
1x108n st em™ [Ly =20 m]

Q-Range 0.004-1 A* [Ly=4m,L,=1.6,20 m]
0.001-1 At [L;=20m, L, = 1.6, 20 m]

Pulse Skipping Mode (7 Hz)

Bandwidth 10 A[L, =20 m]

Flux at Sample at 2MW 4.4x10% n st ecm™ [Ly =4 m]
5x10” n st cm™[L; = 20 m]

Q-Range 0.001-1 At [L;=4m,L,=1.6,20m]
0.0005-1 A* [Ly=20m, L, =1.6,20 m]

Table 3 SKADI Quick Facts. L; and L, refer to the length of the collimation section and sample-
detector distance, respectively.

2.2.1 SKADI Science Case

The Small-K Advanced Dliffractometer, SKADI, is one of two SANS beamlines at ESS. It is a
versatile SANS instrument designed with high resolution and very low Q SANS
measurements in mind.

The scientific areas targeted by SKADI include investigations of smart materials, biological
and medical research, magnetic materials and materials for energy storage, as well as
experiments on nanomaterials and nanocomposites. These experiments have a high
potential impact on science and society. In order to maximize the applicability of the results
of these studies, SKADI is designed to accommodate in-situ measurements with custom-
made sample environments to provide real-world conditions. These scientific areas need to
close the structure determination gap between traditional SANS and imaging methods in
order to examine bulk structure out towards several micrometres.

Mechanical processing and in-situ macroscopic treatments (heat, pressure, shear forces) are
another area of scientific focus for SKADI. Understanding the microstructural effects of
processing steps on alloys, nanocomposites, and additive manufactured components is
important for optimising their properties and lifetime. These types of studies often require
large equipment to be installed on the beamline and SKADI has a flexible sample area design
that can accommodate large, floor-mounted, sample environment.
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The study of magnetic materials is enabled through the use of solid-state polarisers
upstream of the collimation and support for a *He analyser after the sample. The high Q-
resolution available on SKADI, combined with access to very low Q, will support studies of
skyrmions and vortex lattices in superconductors.

2.2.2 SKADI Instrument Layout

SKADI is a classical pinhole SANS instrument with a maximum collimation length of 20 m,
combined with a maximum sample-to-detector distance of 20 m [22]. The instrument is
located on beamport E3 and the 3 cm x 3 cm neutron guide all along the instrument is
designed for optimum brilliance transfer from the cold moderator.

The sample position is moved out of line of sight of the moderator using a deflector-type
guide geometry, which offsets the beam by 20 cm within the bunker. This is designed to
minimise the transport of high-energy radiation along the beamline, and combined with
shielding around the detector tank is designed to ensure a low intrinsic background. A heavy
shutter directly inside the bunker wall allows maintenance access to all out-of-bunker
components during operation of the neutron source, including access to the sample area to
change samples and equipment.

Immediately outside the bunker wall is the polariser unit consisting of a set of two polarising
supermirror assemblies, optimised for the wavelength ranges between 3 and 8 A and above
8 A, respectively. After the polariser, there is an adiabatic spin-flipper to invert the beam
polarisation direction.

Following the polariser unit is the collimation section, where four collimation settings of 20,
14, 8 and 4 m are available. A very-small-angle neutron scattering (VSANS) setup, employing
converging slit collimators ending 2 m from the sample, will allow access to wavevector
transfer values down to Q = 107 A™, equating to probing structures up to several
micrometres in size.

The wavelength band is selected using two single disk choppers. The standard wavelength
band used by SKADI will be 3 to 8 A, but any 5 A wide wavelength band up to 21 A can be
used.

SKADI features a new detector concept, SoNDe (Solid-State Neutron Detector) [23,24],
employing scintillators directly coupled to photomultiplier tubes, and capable of fully
exploiting the increased flux and brilliance of the ESS source. The detectors are arranged into
3 banks, with the forward two being moveable. These multiple banks of detectors at
different distances, combined with the instrument bandwidth, will allow experiments to be
performed in a single measurement over a wide Q-range. The moveable detectors allow the
Q-range to be tuned and optimised for the experiment in question.
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ESS SKADI Sample at 36.5 m

Monolith Bunker

Figure 9 SKADI instrument layout.

2.2.3 SKADI Expected Performance

The performance of SKADI was assessed based on neutronic simulations using the McStas
package. A sample aperture size of 1 x 1 cm? is foreseen as the standard operation mode.
Using the 8 m collimation setting this leads to a flux on the order of 10% n s cm™ at the
sample position at 2 MW accelerator power. Combined with the large space available for
sample environment and the wide available Q-range this will allow for fast dynamic
measurements of samples undergoing irreversible transitions, such as the straining of a
sample beyond the elastic limit or chemical synthesis in the sample environment. Another
possibility to exploit the high flux and high resolution of SKADI is given for samples with low
contrast and very small differences between sample conditions, such as ligand exchange on
coated nanoparticles. All these possibilities can be combined with polarised scattering,
opening up another area of possible samples and setups for SKADI. The fast exposure and
ability to resolve large particles is shown in Figure 10.
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Figure 10 McStas-simulated 1-second experiment of suspended 500 A spheres in solution at
20 m collimation distance. The illuminated sample volume was 3x3x1mm?®. Input parameters
for the sample were the standard arguments for the McStas SANS_benchmark2 component
for sample number 6, resulting in a volume concentration of 0.001 and a scattering-length
density difference of 6x10° A”. Key features such as the ability to perform in very short times
and good resolution for large particles are demonstrated.

2.3 Estia — Focusing Reflectometer for Small Samples

Estia Quick Facts

Instrument Class

Reflectometry

Moderator Cold
Primary Flightpath 35m
Secondary Flightpath 4dm
Wavelength Range 3.75-28 A
Polarised Incident Beam | Optional
Polarisation Analysis Optional
Sample Orientation Vertical

Total Q-Range

0.001t03.15A*/-0.001to-0.3A*

Standard Mode (14 Hz)

Bandwidth

7 A

Flux at Sample at 2MW *

6x108nstcm™

Relative Q-Range

Qmax = 2.85%Qumin

Q-Resolution AQ/Q

7.8% — 3.0% over Q-range
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2-Pulse Skipping Mode (4.7 Hz)

Bandwidth 21A

Flux at Sample at 2MW * | 2x108 n s cm™

Relative Q-Range Qmax = 6.6%XQmin
Q-Resolution AQ/Q 7.8% — 1.3% over Q-range

* full-divergence beam averaged over 5(H) x 10(V) mm?
Table 4 Estia Quick Facts

2.3.1 Estia Science Case

Estia is a reflectometer with a vertical-sample geometry (horizontal scattering plane) and an
option for polarisation analysis. The instrument uses a truly focusing neutron guide, based
on the Selene concept [25], that allows the accurate contro! of the beam footprint at the
sample position, which will make experiments on samples down to just 1 mm? feasible. For
regular sample sizes (~1 cm?) the high intensity of the focused beam will reduce
measurement times to just a few seconds, giving users the opportunity to explore large
physical parameter spaces with routine application of full polarisation analysis. The large
detector angle coverage of Estia allows large wave-vector transfer reflectometry even with
the longest wavelengths and the access of low-order Bragg-peaks. Dedicated low
temperature, magnetic field and solid-liquid sample environment complete the instrument
capabilities.

With these features, Estia will be perfectly suitable for any kind of study of surface and thin
film properties in many areas of materials science, physics, chemistry and biology. Especially
in operando studies and systems where large surface areas cannot be prepared easily will
profit from the focusing beam. Example systems include exchange bias, multiferroics,
battery materials, spontelectrics, cell membranes, magnetic nanoparticles, topological
magnets, artificial spin-ices, self-assembly at solid-liquid interfaces, drug delivery and surface
reactions.

2.3.2 Estia Instrument Layout

An overview of the Estia instrument can be seen in Figure 11. Two vertically separated
neutron beams are extracted from the cold moderator using a set of feeder optics. The
feeder is composed of planar elliptical mirrors on the top, bottom and right side (looking
down-stream) that refocus the beam on a spot 11 m away within the neutron bunker, with a
horizontal block separating the two beampaths. The mirrors are segmented along the beam
into one half that is placed within the monolith insert and the other situated inside a vacuum
vessel within the bunker. The light shutter area does not contain any neutron optics and the
divergence gaps due to this 0.5 m open region are filled by reducing the ellipses’ short axis
for the second mirrors. In front of the feeder focus is the 14 Hz bandwidth selection
chopper. A set of L-shaped neutron absorbers within the same vacuum vessel form the so
called virtual source, which cuts down the beam to the size of the sample surface.

The shape of the virtual source slit is projected to the sample location by a set of two
elliptical neutron reflectors in the horizontal and vertical planes, the so-called Selene guide,
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which corrects leading-order aberration effects. As this projection requires extreme
precision from the neutron guide, the elliptical reflectors for the two directions of one
Selene guide section are placed within a single C-shaped carrier frame with interferometric
metrology and remote adjustable kinematic mounts for the reflectors. The whole system is
then placed on a heavy-duty kinematic mount with temperature stabilization and inside a
large vacuum vessel. This system is designed to allow for an upgrade to an additional Selene
guide set for the second beam that was extracted by the feeder that also passes through the
virtual source.

The projection produced by the Selene guide places the sample position at 35 m from the
moderator. The reflected beam is recorded by a 2D position sensitive detector 4 m from the
sample. A detector arm with air pads that can be rotated to a scattering angle of up to 140°
supports the detector, flight tube and polarisation analyser. The sample positioning is
performed using a rotation stage and a precision hexapod system. A liquid He flow cryostat
can be attached to the hexapod with a fast connection kinematic mount inside a cryomagnet
with open bore.

Neutron polarisation and frame overlap suppression are performed before and after the
intermediate focus between the Selene guide mirrors using spiral-shaped transmission
mirrors. The spin states are selected with radio frequency spin-flippers and the analysis uses
two subsequent spiral mirrors on the detector arm. The reflection of the first analyser mirror
can be collected on a different area of the detector to support measuring of two spin-states
simultaneously.

The whole neutron flight-path, starting from the outer feeder vessel up to a sapphire
window in front of the sample is evacuated and does not contain permanent neutron
windows, in order to minimize beam losses due to scattering and absorption. The flight tube
on the detector arm is filled with He gas to reduce background and intensity loss from air
scattering. Due to the high rate and resolution requirements, Estia will use an ESS-designed
detector based on °B layers under small angle (multi-blade design) that will deliver an
unprecedented count-rate capability and 0.5 mm resolution in the reflection direction.
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Figure 11 Estia instrument layout. Components shown in white are foreseen upgrades.
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2.3.3 Estia Expected Performance

Neutronics calculations show that the neutron optics in Estia should be able to focus the
beam down to sizes of 0.1 mm x 1 mm without any optical components close to the sample,
thus allowing selected areas of the sample to be measured within large sample

environment. Neutron flux at the sample position will be of the order of 10° n s cm?,

2

allowing measurements on 1 mm? samples within a few hours, as the one shown in Figure
12. By reducing the chopper to 1/3 source frequency, the wavelength band can be extended,
allowing a large Q-range of 0.01-0.14 A" to be measured without moving the sample. For 1
cm? samples this allows time-resolved experiments with sub-second time resolution.
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Figure 12 Simulated experiment on a 1 mm? sample of a 20 nm nickel layer on silicon
measured with Estia using the full ivergence of 1.5°.

2.4 FREIA - Fast Reflectometer for Extended Interfacial Analysis

FREIA Quick Facts

Instrument Class

Reflectometry

Moderator Cold

Primary Flightpath 22.8 m

Secondary Flightpath 3.0m

Polarised Incident Beam | Available as a foreseen upgrade
Sample Orientation Horizontal
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Representative Incident

Beam Angles

0.45°,0.9°, 3.4°
(full range 0.2 — 3.7° depending on angular resolution)

Standard Mode (14 Hz)

Wavelength Range

2-10 A

Flux at Sample at 2MW

1x10°, 5x10°, 7x10° n s cm™ [high res (WFM) mode]
1x10°, 4x10°, 6x10” n s cm™ [high flux mode]
1x10% n s cm™ [full divergence mode]

Q-Range

0-1 A (solid samples)
0.0045-0.38 A (free liquids)

Q-resolution

3-3.5% [high res (WFM) mode]
5-23% (across free-liquid Q-range) [high flux mode]
2—6% [full divergence (WFM) mode]

Pulse Skipping Mode (7 Hz)

Wavelength Range

2-18 A

Flux at Sample

5x10°, 2x10° 3x10" nstcm™ [high flux mode]

Q-Range 0-1 A (solid samples)
0.002-0.38 A (free liquids)
Q-resolution 3-23% (across free-liquid Q-range) [high flux mode]

Table 5 FREIA Quick Facts. All values quoted for the high-resolution and high-flux modes
assume the incident angles stated, an angular resolution of 2.5% AB/6 and a beam footprint
of 8x3 cm?. In all cases, the flux quoted is for an area perpendicular to the beam, sized for the
same 8x3 cm’ footprint. The flux number for the full-divergence mode is preliminary.

2.4.1 FREIA Science Case

FREIA is a novel horizontal-sample geometry reflectometer with a broad simultaneous Q-
range for structural and time-resolved studies. The instrument design has been optimised
for the long-pulse source of the ESS and caters principally for soft condensed matter and life
sciences, where both the structure and kinetics are of interest during the formation of thin
films or in their response to environmental changes. While the sensitivity of neutrons to
different isotopes and magnetic properties offers significant benefits in studies of
multicomponent systems, there are significant gains to be made at ESS by taking advantage
of the flux increase to allow studies of:

Self-assembly of surfactants, polymers and proteins at interfaces

Rearrangement processes in thin films, such as inter-diffusion or annealing processes

Encapsulation and release of components

Switchable materials and response to external stimuli
Surface reactions

The key scientific drivers for the FREIA concept are to allow fast measurements across the
scientific scope of reflectometry research including free liquid interfaces. To achieve this, a
novel guide and collimation system have been developed, which allow the entire Q-range to
be accessed without any movement of the main instrument optics or the sample. The
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horizontal sample geometry combined with variable resolution will cater for a broad range
of interfaces and samples, including smaller samples than currently used at existing sources.

2.4.2 FREIA Instrument Layout

An overview of the FREIA instrument is shown in Figure 13. FREIA views the cold moderator
and is located in the North hall on port N5. The instrument has a downward-oriented
elliptical guide focusing a neutron beam with a broad vertical divergence and wavelength
range onto a horizontal sample surface. From this high-divergence beam, a range of incident
angles can be selected to cover the Q-range of interest without moving the sample.

ESS FREIA Sample at 22. m

Side view

B =

Figure 13 FREIA instrument layout. Components shown in white are foreseen upgrades.

The collimation system will have three possible modes. The first option is a standard pair of
slits that will allow complete freedom to select an angular resolution or incident angle within
a range of approximately 0.2-3.7° for 1% < A8/6 < 10% (depending on the desired beam
footprint on the sample). Typical sample sizes are expected to be 30 mm (across the beam)
by 40 mm (along the beam direction), although this can be reduced to 20 mm or extended to
circa 80 mm. The second option allows fast measurements over the full Q-range to be
carried out because the collimation system will be able to rapidly switch between up to
three well-collimated incident angles. Since this means angle changes are achieved without
moving the sample, this arrangement avoids the measurement dead time related to angle
changes and settling times for free liquid surfaces. The speed of this switching will initially
allow full Q-range measurements to be made in a few seconds, but a foreseen fast-shutter
upgrade will increase this to a sub-second timescale. Finally, the collimation system will also
allow for an m=6 supermirror to be inserted to deflect the beam upwards and thereby allow
reflections from underneath the interface to be measured (appropriate for liquid-liquid
samples or where complex sample environments are required above the sample).

Also under consideration during ongoing design work is a “Full-divergence” mode. This may
be appropriate for certain suitable samples and allows the full 3.5° divergent beam to
impinge on the sample, in a manner similar to the standard mode of operation of Estia. This
is likely to give a significant boost in flux, but is also likely to result in a significantly higher
background since the FREIA optics are not optimised for this operation mode.
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The natural resolution of the instrument is medium to low (AQ/Q=5-23% (full width)
depending on wavelength and incident angle), and it will also be possible to skip pulses to
extend the bandwidth and average resolution in this mode. A foreseen chopper upgrade will
improve the pulse-skipping bandwidth. In the high-resolution mode (AQ/Q < 5%), FREIA will

use a Wavelength-Frame-Multiplication (WFM) chopper system, but this mode cannot be
used in combination with pulse-skipping.

FREIA will use the same “multi-blade” ESS detector design [26,27,28,29] as used on Estia.
The sample-detector distance is 3 m and the detector will cover 4.75° (V) and 3.8° (H) with
0.5 mm resolution (V) and 2.5 mm resolution (H) to allow for off-specular measurements. A
foreseen upgrade will extend this angular coverage to 5.7° (H & V).

2.4.3 FREIA Expected Performance

The increase in flux and the ability to switch angles without moving the sample on FREIA will
mean that full reflectivity curves can be measured significantly faster than on current
instrumentation (see Figure 14). For the case of the low-resolution mode this will mean
complete measurements on the order of seconds, and for the the high-resolution mode
around 10-15 minutes rather than the 30 minutes to 2 hours that have historically been
required, depending on the scattering contrast. We expect this to mean significant
improvements to the time-resolution achievable in kinetic studies and to the throughput of
samples in a typical experiment. Alternatively, the increase in flux can be used to reduce the

sample size. The standard footprint length of 40 mm is already smaller than generally used
elsewhere and smaller samples are also feasible.
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Figure 14 Left) Simulated reflectivity from a 40x40 mm?2 air-D,0 interface with the WFM
system off and angular resolution AS/9=4%, taken from the FREIA instrument proposal.

Right) The simulated resolution on FREIA in this high-flux mode for the three angles of
incidence listed in Table 5.
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2.5 NMX — Macromolecular Diffractometer

NMX Quick Facts

Instrument Class Large-Scale Structures
Moderator Cold

Primary Flightpath 157 m

Secondary Flightpath 0.2-1.0m

Wavelength Range 1.8-10 A

Bandwidth 1.74 A

Flux at Sample at 2MW 1x10°nstcm?(1.8-3.5A)
Wavelength Resolution AL/A | 2—4% (over wavelength range)
Beam Divergence Adjustable up to £0.2°
Beam Size 0.2-5mm

Table 6 NMX Quick Facts

2.5.1 NMX Science Case

Macromolecular crystallography is a work-horse method in structural biology, but the vast
majority of structures are determined using X-rays as the incident radiation. Yet the
functionally critical hydrogen atoms are almost always invisible in X-ray structures.

The NMX Macromolecular Diffractometer is a time-of-flight (TOF) quasi-Laue diffractometer
optimised for small samples and large unit cells dedicated to the crystallographic structure
determination of biological macromolecules. The main scientific driver is to locate the
hydrogen atoms relevant for the function of the macromolecule.

The ESS long pulse source is well suited for a quasi-Laue macromolecular diffractometer that
can spread the background in the TOF dimension, while the Bragg peaks are observed at a
defined TOF. Therefore, a macromolecular diffractometer at the ESS could be used either to
study systems with smaller crystals or larger unit cell volumes. Growing well-ordered protein
crystals of cubic millimetre volume is extremely difficult, so the instrument is optimised for
sub-millimetre crystal sizes. As the background from incoherent scattering increases
dramatically if all 'H cannot be replaced by ’H, the instrument proposed here has a
significant inherent advantage with systems where per-deuteration cannot be achieved.
Many challenging and interesting proteins fall into this category, as they cannot be
expressed in prokaryotic systems with high enough yield.

One of the limiting factors with current instruments is that the fixed detector geometry only
allows a maximal unit cell edge of ~150 A to be resolved without a compromise in the
diffraction resolution (dmin). The NMX instrument allows larger unit cells to be resolved by
increasing the crystal-to-detector distance, which incurs an increase in the data collection
time, but reflections to the same dy, can still be observed by swinging the detector in
scattering angle 28. Many of the scientifically most interesting systems, such as proton
pumping membrane proteins, crystallise in large unit cells, so being able to resolve a large
unit cell edge is a unique advantage. The combination of a neutron flux comparable to
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leading high flux reactor instruments, such as LADI-Ill, together with the advantages of time-
of-flight — the ability to resolve large unit cells and the ability to better separate signal from
background — leads to world-leading performance particularly with the experimentally most
challenging systems. This will transform neutron macromolecular crystallography into a
technique that can answer a significantly larger number of hydrogen-related questions in
biomolecular science than before.

2.5.2 NMX Instrument Layout

The instrument is located at beamport W1 in the west sector and will view the cold part of
the moderator assembly. The neutron flight path length from the moderator to the sample is
157.6 m, which leads to a wavelength resolution AM/A of 4.0% at 1.8 A. The nominal
bandwidth with no frame-overlap (assuming a pulse length of 2.86 ms) is 1.72 A.

Tap view

Monolith Bunker D

Figure 15 NMX instrument layout.

The beam delivery system transports the neutron beam from the moderator to the sample.
The monolith insert contains a guide starting 2089 mm from the centre of the moderator
cold source, which is parallel in the horizontal direction but tapers vertically from 28 mm to
45 mm. The guide is 30 mm wide and the coating on all sides is m=2. The in-monolith guide
section is 3.5 m long, followed by a 0.5 m straight 30 x 45 mm? guide section with m=1
coating inside the light shutter system immediately outside the monolith. A curved guide
with a curvature radius of 1200 m starts immediately after the gamma shutter and deflects
the beam out of line-of-sight from the moderator at 17 m. The curving is achieved with
straight guide elements that are 500 mm long. 36 pieces are required for the 18 m distance
between the gamma shutter and the bunker wall insert. The m-value is m=2.3 on the
outward side of the curve, while m=1 is sufficient on the three other sides. The guide cross-
section is 30 x 45 mm?* throughout the curve. After the curved guide ends, before the 3.5 m
thick bunker wall, an insert allows neutron optical elements to be placed inside the wall. The
insert will contain an m=2 guide quasi-parabolically tapering horizontally from 30 x 45 mm?
to 45 x 45 mm? cross-section. Outside the bunker follows a straight guide with 45 x 45 mm?
cross-section and m=1. The final 10 m of the guide will consist of a focusing element. The
focal distance is 9 m, which places the focal point past the sample position, so that the
sample is illuminated by a convergent rather than fully divergent beam. The half parabola
starts at 144 m from the moderator and consists of ten 500 mm pieces, followed by twenty
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250 mm pieces. The cross-section at the start of the focusing is 45 x 45 mm? and 30 x 30
mm? at the end.

The chopper system consists of two chopper units for wavelength selection. All choppers are
operating at 14 Hz frequency and with a 70 cm disk diameter. The first chopper unit has a
single disk with a 78° opening and is located outside the common shielding bunker at 28.67
m from the moderator directly after the first shutter. The choice of this position is largely
driven by the maintainability and serviceability considerations of placing the chopper unit
outside the common shielding bunker and outside line-of-sight to the moderator. The
second chopper unit is located at 51 m from the moderator. It consists of two co-rotating
disks with 140° openings. The first disk defines the opening time of the unit and the second
disk defines the closing time, so that the relative phase between the two disks defines the
total open time. This allows the nominal bandwidth to be chosen by simply re-phasing the
two disks. The setting that allows full transmission of the nominal bandwidth also leads to a
significant penumbra in the neighbouring frame, which is not expected to be problematic for
most experiments. This penumbra can, however, be easily eliminated by narrowing the
nominal bandwidth.

The collimation system consists of slits and collimation tubes that define the beam at the
sample position in terms of the size and divergence. The collimation length of 3.65 m allows
a 5 x 5 mm’ sample area to be illuminated with the full +0.1° divergence. For smaller
samples slightly higher divergences can be used if needed.

The sample is positioned in the beam with a six-axis robotic goniometer.

The detector system consists of three detector panels mounted on a six-axis robotic arm
each. Each arm is placed on a high-precision rail, effectively adding another axis. This setup
allows to position the panels at 0.2-1 m distance from the sample anywhere in the top
hemisphere up to 165° scattering angle at the panel edge. The detector panels themselves
are based on a gas-electron multiplier (GEM) with a Gd converter [30] in order to achieve
~200 um spatial resolution.

2.5.3 NMX Expected Performance

Scientific performance is a very complex and intrinsically subjective quantity to measure and
depends on many other factors than the purely technical performance of the instrument and
its components. The assessment below tries to address those aspects of the technical
performance that affect the data collection time. The principal technical challenges are the
limited crystal size and the high background.

The data collection time depends strongly on the crystal size and other crystal properties
such as symmetry, mosaicity, hydrogen content and the background from the surrounding
mother liquor. The other relevant variables are the beam brilliance and the solid angle
subtended by the detectors.

The neutronic performance was evaluated by ray-tracing Monte Carlo simulations using the
McStas package. The beam profile at the sample position is essentially a top-hat function
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with a negligible halo which will be achieved by using a pinhole that is moved sufficiently
close before the sample (typically a few mm). The time-averaged flux from the ray-tracing
Monte Carlo simulations is 1.5 x 10° n s> cm™ with +0.2° divergence. This flux is significantly
higher than, for example, the measured flux of 5 x 10’ n s cm™ at LADI-III (ILL) at its new
H143 position for a 3—4 A wavelength range [31].

The time-averaged flux comparison does not take into account the signal-to-background
gain from using the time-of-flight Laue method. In the absence of any background from the
crystal or its surrounding mother liguor the counting time required to reach a given signal-
to-noise ratio for a single Laue spot is essentially defined by the spectral flux at the
wavelength where the reflection is excited and the detector noise. If, however, we take into
account the background, the counting time needed for a given signal-to-noise ratio in the
absence of wavelength resolution (conventional Laue) becomes a function of the spectral
flux (and detector efficiency) at all the wavelengths within the wavelength range where
background is generated and the integral of that background across the wavelength range
used. In the case of using the TOF information as well, the counting time is defined by the
background only at the wavelength where the reflection is excited. If we assume the
background to be fairly uniform across the wavelength range, the gain factor over a
continuous source Laue instrument of similar time averaged flux (such as LADI-Ill) depends
very strongly on the level background from the sample. With the concept proposed here, the
time width of a reflection is ~4 ms, which is 6% of the 71.4 ms timeframe. This means that
the effective background is lowered by a factor of ~20 by using the TOF method. In
macromolecular crystallography the background from the crystal and its surroundings is
typically very much larger than the actual Bragg peak heights, especially for the weakest
reflections that define the required counting time. Therefore, the impact of lowering the
effective background is most pronounced for large unit cells where the average intensity of
reflections falls rapidly with resolution. The implication is that the counting time required for
the same crystal can be reduced by a factor of 20 or — more importantly — a crystal 20 times
smaller can be used. This represents a conservative estimate of the performance gain, as e.g.
no improvements in detector efficiency or reductions in gamma-ray background have been
considered.

The ability to move the detectors allows data collection from moderately large unit cell
systems despite the relatively modest TOF resolution. This relies on the high spatial
resolution of the detectors [30], which allows the reflections to be separated in a
combination of detector coordinates and TOF (Figure 16).
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Figure 16 The separation of some simulated example high-resolution reflections from bovine
heart cytochrome c oxidase at 1 m detector distance in the spatial and time-of-flight
dimensions.
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3. Instruments for Imaging and Engineering Diffraction

The high flux and unique time structure of the ESS opens unprecedented possibilities also for
samples and processes that are to be studied by dedicated Imaging and Engineering
Diffraction instruments. This instrument class consists of ODIN (Optical and Diffraction
Imaging with Neutrons) and BEER (Beamline for European materials Engineering Research).
Both are multi-purpose instruments that will be capable of addressing many different
scientific questions within their scope (engineering materials and processes, cultural
heritage, energy devices, etc.) due to their high degree of flexibility, pulse-shaping options
and adaptability. In particular, the sophisticated pulse-shaping options allow a flexible trade-
off between high flux and high wavelength resolution whenever needed, allowing
unprecedented in-situ studies for which specialized sample environment can be
accommodated in the spacious experimental caves.

Engineering diffractometers are specialized diffraction instruments that are characterised by
the ability to define gauge volumes within larger samples, often of complex shape, while
detectors and wavelength resolutions are optimised for high precision d-spacing
measurements from which lattice strain and residual stress can be deduced [34]. A special
feature of BEER will be to offer very fast strain measurements using a newly developed
variant of the pulse-shaping method in which several high-resolution pulses are extracted
from the same source pulse. On top of this, standard pulse shaping at BEER will offer the
possibility for very fast phase transition studies — in particular during real-time processing —
where the wavelength resolution can be relaxed in order to gain intensity. Moreover, an
extended detector coverage will allow to efficiently measure texture and to follow texture
evolution during in-situ studies.

Neutron Imaging has (mainly within the last decade) evolved from a basic attenuation-based
contrast technique into several more advanced imaging techniques by exploiting the wave-
particle duality of neutrons and their magnetic moment [32,33]. It can now be considered as
one of the most versatile neutron-based characterisation methods, which is also reflected in
its broad user base at existing facilities. Several of the utilized imaging techniques have
different requirements regarding wavelength resolution and accommodating them
efficiently within the same instrument has been a challenge. The long ESS pulse in
combination with the WFM pulse-shaping choppers at ODIN will provide the most efficient
way to satisfy these requirements within one instrument while offering the flexibility to
adapt to future developments.

It is mainly in the user community, where significant overlap between BEER and ODIN can be
expected. As a real-space technique, imaging is especially useful for probing spatial
variations e.g. within “real world” engineering samples, cultural heritage artefacts, or
assembled components and devices, while engineering diffraction can then probe specific
locations in greater detail. An ongoing trend and development is to not only exploit
diffraction contrast in transmission imaging itself but also to complement imaging with
diffraction detectors, as spatial information in real space can be combined with
complementary information from reciprocal space [44]. While especially the latter methods
are still under development, one can expect some major improvements by the time the ESS
instruments become operational. One upgrade option at ODIN foresees to complement the
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instrument with diffraction detectors, while imaging will be one of the day-one
configurations available at BEER. Tomography-driven diffraction experiments, i.e. locating
regions within a sample of complex geometry by 3D-imaging that should be investigated in
more detail by engineering diffraction, will be another common application where synergies
between instruments in this class can be expected.

The strategy to centralize software and data management (including analysis) for all
instruments at the ESS Data Management and Software Centre will enable an even more
efficient toolbox for investigating samples using more than one instrument.

Both BEER and ODIN will provide ample space in the sample area to allow not only for large
and complex samples but also for bulky sample environments. The high flux of the ESS will
enable in-situ and in-operando studies that will set the instruments apart from most
instruments at current facilities. It is planned that sample environments will be shared
across instruments, where in particular ODIN and BEER will have several common
requirements on their capabilities, such as (thermo-)mechanical loading and processing,
simulation of industrial processes and thermal treatments to name a few. The differing
requirements due to the different experimental geometries will be accounted for by
adaptable designs.

The test beamline is also briefly described in this section. Though it is not foreseen to be
made available for scientific experiments within the user programme, it will play an
important role firstly in characterising the neutron source and later in supporting the user
programme on the other instruments in a variety of ways, including method developments,
component characterisation and crystal alignment.

3.1 BEER — Advanced Engineering Diffractometer

BEER Quick Facts

Instrument Class Engineering Diffraction

Moderator Bispectral
Primary Flightpath 158 m
Secondary Flightpath 2m
Wavelength Range 0.8-6 A
Bandwidth 1.7 A
d-spacing Range 0.6-7 A

Pulse-Shaping Mode

Resolution Ad/d

Adjustable 0.22 - 0.3(0.53*)%

Flux at Sample at 2MW

Adjustable 1.8 — 4.4(13*)x10" n's™ cm™

Modulation Mode

Resolution Ad/d

Adjustable 0.13-0.45%

Flux at Sample at 2MW

Adjustable 2.3-13x10" ns™ cm?

* available as a foreseen upgrade

Table 7 BEER Quick Facts
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3.1.1 BEER Science Case

BEER - the Beamline for European materials Engineering Research is a time of flight
diffractometer dedicated to the support of the latest progress in development, fabrication,
optimisation, and degradation monitoring of modern engineering materials by neutron
scattering analysis. The main tasks of BEER are the following:

e enabling fast in-situ and in-operando characterisation of materials and their micro-

structure during processing conditions close to real ones
e providing state-of-the-art and fast analysis of residual stresses, microstructure /
crystallographic texture characterisation and phase analysis.

The newly developed pulse modulation technique extracts several short pulses out of the
long ESS pulse [35] using a dedicated chopper system. It leads to the multiplexing of Bragg
reflections and thus to substantial intensity gains for high-symmetry materials while
preserving the resolution.
With the ability to switch between the modulation technique and the standard pulse-
shaping technique, BEER is a versatile engineering diffractometer providing an easily
tuneable trade-off between resolution and flux across wide wavelength and resolution
ranges. Together with a large detector coverage, BEER enables sub-second in-situ
measurements for many applications, fast residual strain scans even in samples with
complex geometry, phase analysis of complex composite systems where high resolution can
be employed if needed, as well as the study of texture evolutions during processing. While it
can be expected that the majority of users at BEER will come from the engineering materials
community, it should be noted that at existing facilities, the spatial scanning possibilities
have also attracted users with the objective to study e.g. cultural heritage objects or energy
devices.

3.1.2 BEER Instrument Layout

An overview of the BEER instrument can be seen in Figure 17. Neutrons from the cold and
thermal moderator are extracted and merged into the neutron guide using a bi-spectral
switch (150 double-coated Si blades), installed just after the monolith light shutter at a
distance of 6 m from the source. The following straight guide section with a length of about
4 m contains a chopper cascade with initially 4 chopper disks. The first two choppers, both
running at 168 Hz, are used when the pulse-shaping mode is active. The two choppers are
operated in optical blind mode providing constant relative wavelength resolution which is
tuned by changing the distance between the choppers via a translation stage. The pulse
modulation mode uses a modulation chopper containing a disk with several equally
distributed openings running with frequencies between 42 and 280 Hz, allowing fine-tuning
of the resolution and the Bragg multiplication for the experimental needs. Two additional
frame definition choppers, the first placed between the second pulse-shaping chopper and
the modulation chopper and the last at 79.55 m define the wavelength band and block
undesired frame overlaps between successive sources pulses. The neutron guides following
the chopper cascade in the bunker section have a bending radius of R =-2 km, thus closing
the direct line-of-sight within the bunker section which ends at 28 m from the source [36].
Outside the bunker, the instrument shutter is installed followed by an expansion of the
neutron guide to an optimised cross-section of 40x80 mm? (HxV) The long curved transport
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guide section (R =20 km) delivers the neutrons from 39 m to 144.5 m, only interrupted by
the second frame definition chopper. The last section of the optical system focusses the
neutron beam vertically onto the sample. Further beam conditioning is possible by three
adjustable slits; two located at 152 m and 155 m for beam divergence definition, and a third
slit at a variable distance before the sample to define the beam size. The last two meters of
the focusing section allow for exchanging the focusing guide by an element with absorbing
walls and thus further tuning the divergence of the neutron beam.

Precise positioning of samples and sample environments can be carried out with a robotic
system with many degrees of freedom including rotation, e.g. for texture measurements, or
a hexapod for samples up to 2 t in weight. It is possible to integrate a wide range of sample
environments at BEER, both ESS-provided and user-made ones. Initially, a deformation rig
will allow tensile and compression testing with a maximum force capacity of 60 kN and
simultaneous heat treatment with temperatures up to 1200°C. A dilatometer is expected to
provide fast, controlled heating and cooling of the sample under load.

Two 1 x 1 m? large detectors collect the neutrons scattered from the sample. The detectors
are placed at + 90° and are based on 198,C converters [37]. This technigue combines an
inherent high time and position resolution with a high count-rate capability [38]. Each
detector is equipped with a set of exchangeable radial collimators which together with the
input slit define the gauge volume. The initial set of radial collimators can define horizontal
gauge sizes of 1 or 4 mm. Together with the adjustable slit system in front of the sample,
they can define a gauge volume from about 1 to 64 mm?. Further sets of radial collimators
are foreseen, extending the range of gauge widths to between 0.5 and 5 mm.

The design of BEER foresees further upgrades of the initial instrument (items shown as white
in Figure 17). Additional choppers for pulse-shaping and additional pulse-modulation modes
will extend the available intensity/resolution ranges while two more frame definition
choppers will allow for alternating or extending the wavelength band. Extending the
detector coverage in the horizontal and vertical plane will allow for simultaneous
measurements of additional strain components and in-situ monitoring of texture evolutions.
By implementing an additional SANS detector within the large instrument cave, a unique
combination of simultaneous diffraction and SANS measurement will become possible and
e.g. enable to link the development of precipitates to crystallographic microstructure.
Imaging will be possible from day 1, by borrowing a TOF imaging detector from ODIN, or by
using a standard camera-based system. While the latter will be useful for sample positioning
and collecting images based on attenuation contrast, the TOF imaging detector will enable
e.g. Bragg-edge imaging that can provide complementary information on the phase, strain
and texture variations across the sample.

In close proximity to the experimental cave of BEER, a preparation and testing laboratory is
available. Pre-aligned sample environments can be easily moved in and out of the cave on a
transportation platform. This infrastructure also allows for long-term experiments, by
conditioning/testing samples in the preparation laboratory while periodically measuring
them using neutrons.
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Figure 17 BEER instrument layout. Components shown in white are foreseen upgrades.

3.1.3 BEER Expected Performance

Based on neutronics calculations for a source power of 2 MW it is expected that the BEER
instrument will be comparable in terms of flux with leading existing engineering instruments
such as TAKUMI [39] or VULCAN [40,41] when using the pulse-shaping technique, but BEER
outperforms them when using the pulse modulation mode. Furthermore, BEER offers a
much larger versatility: The resolution Ad/d can be tuned between 0.15 and 0.5% (high- and
medium-resolution mode) in the initial state of the instrument. It can be relaxed to 0.8% for
the high-flux setting after implementing the upgrades. The simulated average flux on the
sample position is of the order of 10" to 108 n st cm™2 depending on the resolution.

The modulation technique on BEER allows an increase of the flux on the sample without
sacrificing resolution. The simulated diffraction pattern of duplex steel, shown in Figure 18,
demonstrates the principle of the modulation technique: several sub-pulses - well separated
in wavelength - arrive at the same time at the detector, producing multiplexed angularly
separated Bragg reflections which can be summed up. This technique can be used for highly
symmetric materials (like most of the engineering materials are) where the Bragg reflections
do not overlap within the spectral bandwidth.

In summary, BEER will push the boundaries of what is possible at present while being a very
versatile instrument.
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Figure 18 Simulated pattern of duplex steel as simulated on the 90° detector in the
modulation mode.

3.2 ODIN — Multi-Purpose Imaging Beamline

ODIN Quick Facts

Instrument Class Imaging

Moderator Bispectral

Primary Flightpath 50 m (to pin-hole)
Secondary Flightpath 2-14 m (pin-hole to sample)
Wavelength Range 1-10 A

Field of View 20 x 20 cm’

L/D Ratio Tuneable 300 — 10,000
Incident Beam | Optional

Polarisation

Polarisation Analysis Optional

White-Beam Mode

Flux at Sample at 2MW 1.2x10° n st cm? at 10 m, L/D=300
Spatial Resolution <10 um

TOF Mode without Pulse-Shaping
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Flux at Sample at 2MW 9x10% n s cm™at 10 m, L/D=300

Spatial Resolution <10 um

Wavelength Resolution M/A=10%atA=2A

TOF Mode with Pulse-Shaping

Flux at Sample at 2MW 1x10% n st cm™ at 10 m, L/D=300, ANA=1%

Spatial Resolution ~50 um
Wavelength Resolution Adjustable <0.5 — 1 % (constant for all A)
Bandwidth at 14 Hz 4.5 A

Table 8 ODIN Quick Facts

3.2.1 ODIN Science Case

ODIN (Optical and Diffraction Imaging with Neutrons) is a multi-purpose Neutron Imaging
instrument. Neutron Imaging, originally based purely on attenuation, has evolved
dramatically. Now energy- and polarisation-dependent imaging techniques as well as
interferometry-based approaches can be applied across a broad spectrum of scientific
disciplines and applications see [42,43,44,45] and references therein. ODIN will offer a wide
variety of methods with unmatched capabilities taking advantage of the full flexibility
offered by the unprecedented source time-structure and brightness of ESS. ODIN will open
up new research and will not only push the limits of current applications but will add many
more by significantly shifting the boundaries of what can be done today.

Simultaneous structural resolution on the macroscopic scale of direct imaging and of
microscopic features from small-angle scattering as well as in the atomic range of crystalline
lattices can, for example, be combined with the resolution of magnetic interactions with
polarised neutrons. Advanced neutron imaging techniques will help to deepen our
understanding of phase transitions in high Tc superconductors and magnetic materials, ion
propagation in alternative energy devices, structural anomalies in complex industrial
materials, and in the study of biological and polymer membranes among many others. The
list is vast and broad as well as the impact in industrial and basic research.

ODIN will employ the latest detector technology to offer the state-of-the-art spatial
resolution on day one, with straightforward benefits: it will enable deeper access to
structural and failure analysis in non-destructive testing, materials science, cultural heritage
etc. The neutron metallurgical studies of the Titanic rivets and the metal structures of the
World Trade Center Twin Towers are famous examples. But also studies of, for example, fuel
cells or water uptake studies in plant-root systems will benefit from ODIN with their need to
resolve structures in the 5-50 um range while being able to choose a desired wavelength
band for optimal contrast conditions.

Using wavelength-resolved imaging with tuneable medium to high wavelength resolution
(ANMN of 1% down to <0.5%), ODIN will provide significantly increased chemical and
structural sensitivity compared to traditional instruments with no or only fixed wavelength
resolutions. This will contribute to a better understanding of structural phase transition and
failure analysis in engineering materials, provide new insights into geological samples
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(igneous rocks or meteorites for example), and it will not only help with provenance and
manufacturing studies of invaluable artefacts but also with the advancement of novel
manufacturing techniques. In energy research, this modality enables increased sensitivity,
which will help to better understand the processes in rechargeable batteries and hydrogen
storage materials for example.

Relatively new techniques such as phase contrast, dark-field contrast and polarised neutron
imaging will greatly benefit from the high brilliance and in particular from the long pulse
structure of the ESS, which will be optimally exploited by a versatile chopper system. This
enables novel quantitative approaches, making such conventionally time-consuming
investigations significantly more efficient. These techniques can not only help to visualize
inhomogeneities in magnetic fields and structures, magnetic phase transitions, and
individual magnetic domains, providing invaluable insights into the structure and behaviour
of magnetic materials and superconductors, but also enable spatially resolved SANS studies
in engineering materials and soft condensed matter, with the possibility to characterise
cracks, pores, sedimentation of colloids or directionality of fibers beyond the spatial
resolution limit.

Pioneering neutron imaging techniques, such as Spin-Echo Modulation, Small-Angle Neutron
Scattering and Far Field Neutron Interferometry, further underline the need for a new
neutron imaging instrument with the uncompromising nature and versatility that ODIN will
provide.

ESS ODIN

Monolith Bunker e

Figure 19 ODIN instrument layout. Components shown in white are foreseen upgrades.

3.2.2 ODIN Instrument Layout

The basic concept of ODIN is based on the considerations in [42,46]. ODIN is a medium-
length instrument located at beamport S2 and, thanks to the bi-spectral extraction, it will
view both the cold and the thermal moderators. The complete chopper system, with the
exception of one chopper, is located inside the bunker, as is a heavy shutter. The cave will
contain the pin-hole selector system, sample area, detector systems, and the beam stop; it
will also provide ample space for sample environments and other equipment needed for
specific imaging modalities.
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The neutron optics system has been optimised for the transport of divergence of £0.7° both
horizontally and vertically in order to have a homogeneously illuminated area of 15x15 cm?
at the 60 m sample position and up to 20x20 cm? at 64 m. Given the choice to use the
Wavelength Frame Multiplication (WFM) concept to tune the wavelength resolution, an eye-
of-the-needle approach in the horizontal direction is used, for a fast and uniform horizontal
chopping of the beam. That is accomplished by a feeder guide that focuses the beam to 1.5
cm in the horizontal direction at the WFM chopper position (center between the two WFM
choppers) followed by a ballistic guide with the first focus between the WFM choppers and
the second focus at 50 m, the cave entrance. Given the small size of the new moderator
concept, matching the intended maximum size of the pinhole at the entrance of the cave, a
ballistic approach has been employed in the vertical direction. The m-coating along the
guide was optimised for efficient transport of neutron with wavelengths >1 A through
extensive McStas simulations.

The chopper system is based on the concept outlined in [47] and in part realised at the ESS
test beamline [47,51] installed at HZB in Berlin. It has been specified for ODIN in detail in
[48,49]. The main operation modes are outlined in the ODIN instrument proposal [50]. The
choppers can all be parked open for a White Beam operational mode without TOF. With just
the bandwidth choppers running, TOF imaging is enabled with the wavelength resolution
defined by the proton pulse width (AA/A=10% at 2 A.). With the pulse-shaping WFM chopper
system as well as the rest of the chopper cascade running, the wavelength resolution is
adjustable down to AA/A<0.5%.

The cave structure will be an assembly of borated lining, steel and 2.3 g/cm3 concrete for
shielding purposes. The inside dimensions are 7 m width, 5 m height, and 2.4 and 13.6 m
length (along the beam) for the optical and experimental caves, respectively, to provide
ample space for versatile sample environment and experimental set-ups. A control hutch
and a sample preparation area space will be adjacent to the cave entrance.

The experimental cave of ODIN will be accessible through a sliding door and if necessary also
from the whole roof. A pin-hole selector is placed at 50 m from the moderator, and the main
measurement positions are foreseen at 52 m, 60 m, and up to 64 m. The first one will be
used for high flux measurements (for instance for dynamic processes with high temporal
resolutions) with smaller field-of-view requirements, the second one will serve the majority
of applications, and the last one is dedicated to the study of larger samples.

The choice of detector is dictated by the specific experiment. For this reason, a portfolio of
detectors [52] and an optical bench in the cave will be available in order to offer all the
options needed to position sample and detector(s) with high flexibility in the flight path.

The design of ODIN also foresees further upgrades of the initial instrument layout, including
neutron grating interferometry, spin echo modulated dark field imaging, polarised neutron
imaging and X-Ray tomography, where a 90° set-up shall allow taking data from the same
sample simultaneously, thus making 4D data comparisons possible. A major upgrade is
envisaged and will include the capacity of ODIN for implementing diffraction-supported
neutron imaging

3.2.3 ODIN Expected Performance
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The performance of an imaging instrument depends on flux, beam size, divergence and
homogeneity of the neutron beam at the sample position. The available wavelength
resolution is an additional important performance criterion for TOF based imaging. A flux
comparison is shown in Figure 20 where the ODIN flux was simulated for an ESS power of 2
MW and is compared for different wavelength resolutions with imaging facilities at steady
state sources (left) and a short pulse source (right)
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Figure 20 Flux comparison between ODIN and other imaging facilities for an L/D of 300. The
flux on ODIN is defined to be 1.0. The data for this figure are taken from [53,54,55,56] and
from private communications with the respective instrument teams. While a detailed
comparison of these vastly different instruments is beyond the scope of this paper, such
calculations can serve as a starting point in comparing the expected performances of ODIN at
different experimental conditions with existing facilities.

Neutron Flux: With its long pulse and high neutron flux, the anticipated flux at the 60 m
sample position will be about 1.2x10° n s* cm™ (at 2 MW and at the minimum achievable
L/D of 300). This is at least three times higher than currently at steady-state sources.
Simulations predict that ODIN will outperform the short-pulse-source instruments even
when conditioning the beam for high wavelength resolution.

Beam characteristics: The neutron beam profile at the 60 m sample position is, as a
simulation shows, homogeneous over a field of view of about 15x15 cm?. A pin-hole selector
will enable variable collimation up to L/D=10,000, which is unprecedented.

Wavelength resolution: The anticipated best wavelength resolution of about 0.5% is
ambitious but achievable due to the sophisticated chopper system. Currently, steady-state
sources offer wavelength resolutions down to about 1% while beam-lines at SNS and J-PARC
anticipate around 0.3%. In contrast to the latter, ODIN can trade resolution for flux and
hence most efficiently tailor to the needs of specific experiments.

3.2.4 ODIN Summary
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With its high flux, high beam quality and flexible wavelength resolution ODIN has the
potential of setting the state of the art in neutron imaging. This will require steady
monitoring and development of all experimental components needed for existing and
upcoming advanced techniques, which are currently foreseen as upgrades (e.g. grating
interferometry). This, however, appears to be a straightforward task given the collaborative
nature of the neutron imaging community of which the ODIN team is an active part.

3.3 Test Beamline

The primary purpose of the test beamline is to characterise the target-reflector-moderator
system, verifying the performance of the neutron source at the start of operations, and then
throughout the operation of the facility. In its basic configuration, it is a pin-hole imaging
station for viewing the moderator assembly, with a double-disk chopper at the pin-hole
position to provide tuneable wavelength resolution and wavelength band selection. A
position sensitive detector (PSD) will be placed at 17 m from the moderators with an
adjustable pin-hole at the half-way position, enabling to spatially image the neutrons of
different wavelengths emerging from the moderator.

ESS TEST BEAMLINE ( / y5m Detectorat17m Top view

Monolith Bunker D03

Figure 21 Test beamline instrument layout.

Especially, during the early years of ESS, the test beamline will serve to establish the
moderator performance as a function of the various operating parameters of the accelerator
and target systems, including the proton beam power, stability, pulse length, and beam
rastering, as well as the moderator temperature and ortho-para ratio of the hydrogen.

As the facility matures, the test beamline will be adapted to fulfil additional objectives.
There are a variety of ways in which it can support the user programme directly, such as
aligning and characterising single crystals or performing exploratory imaging or diffraction
studies of samples to be measured on one of the user instruments. It will also serve as a
local characterisation station to support technical developments in areas such as neutron
optics, polarisation, shielding and detectors. Moreover, the test-beamline will provide a
platform for the evaluation of novel methods and improvement of existing measurement
techniques. Several potential upgrade paths will be possible due to the modular design.
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4. Diffraction Instruments

The initial diffraction suite at the ESS comprises the two powder diffractometers DREAM and
HEIMDAL, and the single-crystal diffractometer MAGIC. In addition, there are
diffractometers for macromolecular crystallography and engineering, NMX and BEER,
described in the sections on Large-Scale Structures and Engineering, respectively.

Powder diffractometers, in particular, seem naturally suited for short-pulse spallation
sources, as they optimally exploit the brilliance from sharp neutron pulses as generated by
dedicated, typically poisoned, moderators. In addition, short pulses at short wavelength are
required for high Q resolution. So why should we build powder diffractometers at the long-
pulse source ESS? The key for competitiveness is the superior peak brightness rather than
the huge time-average flux. Pulse-shaping choppers allow tailoring of the time/wavelength
resolution appropriately to the need, competitively for wavelengths larger than
approximately 0.5 A. Using different chopper speeds creates a particular value: an enormous
flexibility in resolution. The results for the ESS diffractometers are shown in Figure 22. For
the sake of comparison, the graph includes also the characteristics of a few powder
diffractometers at short-pulse spallation sources: NOMAD and POWGEN at SNS, WISH at
ISIS, and SuperHRPD at J-PARC. Note that the natural pulses of short-pulse spallation sources
yield single horizontal lines on the graph, while the ESS diffraction instruments use chopper-
generated pulses with wavelength-independent opening times, leading to the shown
inclined resolution functions. These can be tuned easily with chopper speed from low to
extremely high resolution.

The accessible regions of DREAM and HEIMDAL can reach and even significantly improve the
resolution of SuperHRPD, and we recall, with superior brightness. Pulse shaping with fixed At
(or Ad) resolution allows benefitting favourably from the merits of very different powder
diffractometers; e.g., the wavelength-band of DREAM comprises suitable resolutions for
probing different length-scales covering PDF, crystallography at atomic length scale and also,
for large unit cells, subtle symmetry breaking and peak splitting, as if making combined use
of NOMAD, POWGEN and SuperHRPD.
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Figure 22 Comparison of diffractometers at ESS and short pulse spallation sources with
respect to wavelength and resolution near backscattering. Pulse shaping at ESS provides a
large flexibility to adjust resolution within the shown large areas in a trade-off for intensity,
while for other instruments these characteristics appear as horizontal lines. ESS
diffractometers are limited to a shortest wavelength of 0.5 A. Bandwidths are 1.8 A for
HEIMDAL and MAGIC, and 3.6 A for DREAM. With pulse-shaping the resolution in AA/A
improves with wavelength A, limited at the highest resolutions by path-length uncertainties
As/s.

The two powder diffractometers are quite complementary with a different sample-detector
geometry, vertical (HEIMDAL) versus horizontal (DREAM) cylindrical geometry. Furthermore,
with 150 m length the focus of the instrument HEIMDAL lies on an intense short thermal
wavelength band of 1.8 A, while the 75 m long instrument DREAM further includes cold
neutrons for a wider band width of 3.6 A, particularly for studying more complex and larger
unit cell structures. Both are upgradeable to access multiple length scales, especially
HEIMDAL by including a second cold beam for SANS and imaging options.

A new feature of the ESS is the availability of both thermal and cold moderators for each
beamline. Instruments can make use of both, substantially broadening their applicability and
science case; MAGIC can switch between thermal and cold sources, while DREAM views
simultaneously both moderators via a bi-spectral switch, transparent for thermal and
reflecting for cold neutrons.
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A common feature of these three diffractometers is a new detector type based on 10g
coated cathode elements in an inclined geometry, known as Jalousie-detectors. The many
detection layers (typically 10 layers) enable high efficiency (>50% at 1 A) and high count-rate
capability, particularly important for single crystal diffraction. The spatial resolution
determined by its multi-wire grid structure on DREAM is approximately 5 mm. HEIMDAL,
MAGIC (and also BEER) on the other hand, will use single-sided '°B coated elements, which
allows to improve the resolution favourably in the 20 direction further to typically 2mm.
Since these detectors provide vertical resolution in addition, all instruments, including
powder diffractometers, are capable of single crystal diffraction, as well as being sensitive to
texture.

The single crystal diffractometer MAGIC will be unique, by having polarised neutrons for
both thermal and cold neutron applications within a dedicated science case in magnetism. In
the cold neutron range, the natural time resolution is typically sufficient and gives the
benefit of the full intense pulse with a high degree of polarisation. Its ability for pulse
shaping, however, not only allows for tuning the resolution as required for shorter
wavelengths, it can also adapt to even high-resolution powder diffraction, which
underscores the flexibility of instruments within the ESS diffraction suite.

4.1 DREAM - Diffraction Resolved by Energy and Angle Measurements

DREAM Quick Facts

Instrument Class Diffraction
Moderator Bispectral
Primary Flightpath 76.5m
Secondary Flightpath 1.1 m (end-cap and mantle detectors)
2.5 m (high-resolution and low-angle detectors)
Wavelength Range 0.5-4.1A

Flux at Sample at 2MW | 1.4x10" ns" cm™ (Ad = 3x10™ A)
1.0x10” n's cm™ (Ad = 2.5x10% A)

Q-Range 0.2 (0.01*) - 25 A™

Detector Coverage 1.82 (5.12%*) sr

d-spacing Resolution Ad | Adjustable 3x10™ - 2.5x102 A

* available as a foreseen upgrade
Table 9 DREAM Quick Facts

4.1.1 DREAM Science Case

The concept of DREAM utilizes favorably the long pulse and unpreceded peak brightness of
the ESS by using pulse-shaping choppers and by viewing both thermal and cold moderators,
which results in a particularly flexible choice between high resolution (Ad ~ 0.0003 A in the
backscattering detector) and high intensity. Therefore, the science case for DREAM is broad
and includes all typical cases for powder diffraction, while particular emphasis is anticipated
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for studies of magnetic materials, samples with large unit cells, hydrogen storage
components, batteries and metal-organic frameworks.

Apart from the science case typically covered by a general-purpose powder diffractometer,
the DREAM instrument will offer new capabilities that will further broaden its science case.
Total-scattering measurements for pair-distribution function (PDF) analysis will enable
studies of local crystal structure in crystalline, nanostructured and amorphous materials.

In-situ studies of battery and super-capacitor materials under operating conditions will be
possible due to high neutron flux and broad detector coverage. A low-angle detector bank
will will provide an access to a limited SANS region (Q = 0.01 A) and enable morphology
studies, particularly helpful for nano-scaled materials when combined with diffraction and
PDF data.

Moreover, challenges of very weak signals in powders will be possible to solve by using
single crystal diffraction from sub-mm samples. We will build on and develop further a new
198_detector technology that will be capable of high position-sensitive resolution and also
suitable for the expected high count rates

4.1.2 DREAM Instrument Layout

The instrument will be located at the beamport S3 and as a bi-spectral instrument will view
both the cold and thermal moderators (see Figure 23). The first optical elements will be
located in the beamport insert. The complete chopper system and a heavy shutter will be
located inside the bunker.

ESS DREAM Sampleat 77 m Top view

Monolith | Bunker _

Figure 23 DREAM instrument layout

A stack of Si wafers will reflect neutrons from the cold source into the thermal beam and
instrument axis. As a result, the neutron bandwidth will include neutrons from the peak
fluxes of both, cold and thermal, moderators, providing wide Q-range up to 25 A™ in a single
frame, which is well suited for diffraction and PDF studies.

A great flexibility in trading between resolution and flux will be achieved by the chopper
system, which uses Wavelength Frame Multiplication (WFM) to fill the available bandwidth.
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This is achieved by the combination of three functions: A Pulse-Shaping Chopper (PSC)
system, consisting of two counter rotating disks and operating in multiples of 14 Hz, up to
308 Hz for the high-resolution option. A 14 Hz overlap chopper (OC) is used to eliminate
higher harmonics from the PSC. Further down-stream, a band control chopper (BC) is
installed for a clean definition of the wavelength band and further to suppress for 6 ms the
decaying “after-glow” background of the source. The phase of PSC, BC and OC can be shifted
simultaneously to change the wavelength range. A prompt pulse suppression chopper (TO
Chopper) will be installed inside the bunker after the BC chopper (see Figure 23).

The neutron guide consists of a first semi-elliptical part starting from a focal point in the PSC,
followed by a straight section and a final semi-ellipse focusing onto the sample. This 70 m
long guide system is optimised for the transport of neutrons with a short wavelength of
A>0.5 A and a divergence of +0.25° [57].

A vacuum vessel at the sample position is designed for quick sample environment changes. A
cryo-furnace sample changer (T = 4-800 K) will be available to users on the first day of
operations. Alternatively, the vessel can be removed for bulky sample environments such as
a superconducting magnet or a levitator.

The DREAM detector system is based on developments for the POWTEX instrument [59] and
uses several absorbing layers of °B-coated cathodes in a multi-wire gas detection chamber.
The fine 2D position sensitivity is also well-suited for neutron time-of-flight Laue single-
crystal diffraction measurements. The detectors will be cylindrically arranged around the
beam axis for the best adaption to the Debye-Scherrer cones. The dedicated high-resolution
backscattering detector will cover the scattering angles from 168° to 178°. Similarly, in the
planned upgrade, a forward low-angle detector bank will extend the Q-range to a minimum
of 0.01 A™.

4.1.3 DREAM Expected Performance

Our simulations show an excellent performance of DREAM [60] due to its flexibility in a wide
range from high resolution to high intensity settings. This can be used for studying for
example small samples of ~1 mm? size, or for the detection of fast structural changes with a
time resolution in the ms-range for samples as large as 0.5 cm’.

In order to exploit the full potential of DREAM we are following a new approach to the data
analysis, which is based on 2D Rietveld refinements [61] of the angular- and wavelength-

dispersive diffraction data (Figure 24).

The instrument is planned to be available for the day one of user operation at the ESS.
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Figure 24 Simulation of a 2D diffraction pattern on DREAM (wavelength vs diffraction angle)
of Na,CasAl>F14. The inset shows a clear separation of the diffraction lines. The coloured bars
show the width of the diffraction lines in the backscattering detectors at various pulse
widths.

4.2 HEIMDAL — Multi-Length-Scale Hybrid Diffractometer

HEIMDAL Quick Facts

Instrument Class Diffraction
Moderator Thermal (Bispectral and Cold *)
Primary Flightpath 157 m
Secondary Flightpath Diffraction: 0.8 m
(SANS: 10m, Imaging: 4m *)
Wavelength Range 05-4A
Bandwidth 1.7 A
Flux at Sample at 2MW 10°-10%-10°ns* cm?
(High-resolution — Medium-res. — High-flux)
Q-Range 0.5-25A"

d-spacing Resolution Ad/d Adjustable 0.04 -1 %

SANS and Imaging modes *

Moderator Cold
Wavelength Range 3-20A
Q-Range (SANS) 103 -4 A
Wavelength Resolution 1.5%atA=4A
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AL/A (SANS) 0.6%atA=11A

Field of View (Imaging) 50 x 50 mm?

Spatial Resolution (Imaging) | 50 um

* available as a foreseen upgrade
Table 10 HEIMDAL Quick Facts

4.2.1 HEIMDAL Science Case

HEIMDAL [58] is intended as a multi-length-scale instrument providing structural insight
from 0.05 nm to 50 mm in real space. The day-1 instrument of HEIMDAL will be focusing on
thermal neutron powder diffraction (TNPD). After upgrade, the instrument will cover
additional length scales by combining TNPD with small angle neutron scattering (SANS) and
neutron imaging (NI). There is a small gap in the coverage at the um scale between SANS and
NI. The techniques have large variations in their requirements: TNPD uses short wavelengths
(A ~ 0.5-4 A), focused beam, and high resolution (AMA < 0.5%) to obtain large Q-range
coverage (Qmax ~ 25 A™Y) and sharp diffraction peaks. The large Q-space coverage will allow
total scattering experiments to be analysed by pair distribution function (PDF) analysis.

The upgraded instrument including SANS, needs long wavelengths and a well-collimated
beam to reach small Q (Qmin ~ 103 /3\'1). To realise the instrument it is necessary to carefully
consider the two different requirements in the design of the instrument. A solution using
two beam guides has been designed; TNPD is performed with neutrons extracted from the
thermal moderator, while the cold beam for SANS is coming from the cold moderator. The
day-1 instrument will be equipped with the thermal guide, while the cold guide will only be
partly installed to allow installation of the foreseen SANS and imaging upgrades.

HEIMDAL will excel when performing in situ and operando studies, where the high ESS flux
and the flexible resolution of the instrument will allow the investigation of systems with
unprecedented speed. The samples of interest include magnetic materials, energy materials,
hierarchical, and porous structures. Energy materials include, e.g. batteries, fuel cells, and
thermoelectrics. HEIMDAL will also be suitable for making diffraction tomography, where
the sample is rastered across a small beam providing diffraction patterns in different voxels.
The upgraded version of the instrument combining TNPD and SANS will make HEIMDAL ideal
for studying functional materials over broad length scales, and the intense source of ESS
enables time-resolved measurements. The user community will include scientists from
crystallography, chemistry, physics, material science, polymer, and bio-sciences. The
instrument is potentially also interesting for industrial users as it is a single point of entry to
investigate samples on a huge range of length scales.

4.2.2 HEIMDAL Instrument Layout

An overview of the HEIMDAL instrument is shown in Figure 25. Separate neutron beams are
extracted from the thermal and cold moderators. The pulse length of the thermal beam is
chosen by a pair of pulse-shaping choppers at 6.5m, while the cold beam passes underneath
the pulse-shaping choppers. The chopper systems of the two beams are designed
individually to allow selection of pulse lengths suited for the very different techniques. A TO
chopper in the straight thermal guide suppresses the prompt pulse and a heavy shutter can
block both beams to allow for safe access to the instrument cave. Cold and thermal neutrons
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from the two guides hit the sample at an angle of 4.5° with respect to each other. This gives
space for individual collimation of the two beams. A “jaws” slit system in the thermal guide
tailors the beam divergence to match the wavelength resolution of the pulse-shaping
chopper. The cold guide is equipped with a double pin-hole system to ensure a highly
collimated beam for SANS. The second pinhole in the cold guide can be removed to provide
a large area beam for imaging. The wavelength resolution of the cold beam is sufficient to
perform Bragg-edge imaging.

ESS HEIMDAL 28m Sample at 157

Monolith Bunker

D03 _ 01

Figure 25 HEIMDAL instrument layéut. Components shown in white are foreseen upgrades.

In the experimental cave the sample is surrounded by detectors. The sample area will be
assessible from the roof and by a side door. The detectors are raised from the cave floor
independent of the false floor in the experimental cave. The radial collimator and the sample
table are similarly mounted independently of the false floor in the cave. The sample table
can be raised out of the beam position to ease installation of sample environment, which
can be craned in/out through the roof. In the day-1 instrument only the TNPD detectors are
installed and later, when fully upgraded the SANS and imaging detectors are also installed.
TNPD: The cylindrical diffraction detectors will be placed from 10° to 170° (left) and -60° to -
170° (right) to collect the diffracted thermal neutrons. The day-1 instrument will only have
coverage from 60° to 170°. The detectors are placed at a distance of 800 mm from the
sample and will have an active height of 640 mm, which allows for a coverage of £22° in the
vertical plane. The detectors will have a pixel resolution of 2x7 mm? (HxV) and in the
backscattering banks, the pixel height is likely to be reduced to 3.5 mm with the use of 128-
bit readout electronics. The full detector system allows a Q-coverage from 0.5 to 25 At
Before reaching the detectors, the neutrons will pass a 1° radial collimator, suppressing
scattering from the sample environment.

SANS: 10 m behind the sample, a SANS detector will be placed as a foreseen upgrade to
cover reciprocal space from 102 t0 0.1 A™. A second SANS detector at 4 m together with the
diffraction detectors will ensure a continuous Q coverage from 103 to 4 A™.

NI: An imaging detector can be position behind the sample to collect absorption contrast
images and Bragg-edge imaging. The simultaneously illuminated sample will be approx.
35%x35 mm?>. Using the cold beam provides an intrinsic resolution of AA/A ~1.5%, while for
the thermal beam the resolution can be adjusted by the pulse-shaping chopper. The NI
detector will block the SANS detector. Consequently, NI and SANS cannot run
simultaneously.
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4.2.3 HEIMDAL Expected Performance

The pulse-shaping choppers allow resolution to be traded for flux, and beam slits are used to
match the divergence to the time-of-flight resolution. Based on McStas calculations it is
expected that when HEIMDAL runs in its relaxed-resolution mode with the pulse-shaping
choppers at the source frequency of 14 Hz and a smooth divergence profile of £0.5° at the
sample, a neutron flux of ~ 10° n s™* cm™ will be reached. In the high-flux mode, the sample
volume illuminated is up to 2.4 cm>. A thorough simulation of the HEIMDAL detector taking
the volume nature of the '°B detector into account has been performed using GEANT4 [62].
In the high resolution mode, the choppers will run at 140 Hz, and the flux on the sample is
reduced to 10° n s™ cm™. In this setting, the resolution in the backscattering detector is Ad/d
~ 0.04%. HEIMDAL will, in other words, be on par with the best high resolution instruments
around the world, e.g., HRPD@ISIS [63] and SuperHRPD@J-PARC [64], while in high flux
mode it will exceed existing instruments by an order of magnitude. HEIMDAL can be
adjusted between different flux/resolutions modes within minutes, taking full advantage of
the long ESS pulse.

Four standard modes of operation are foreseen: High resolution, where the pulse-shaping
choppers are running at n = 10x source frequency. Medium resolution n = 3x or 2x source
frequency and high flux with n = 1x source frequency. Figure 26 shows simulated data of the
three different modes: High resolution (n = 10x), medium resolution (n = 2x), and high flux (n
= 1x).
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Figure 26 Simulated powder diffraction patterns for the three modes of operation of
HEIMDAL, taken from [58]. From left to right: high resolution, medium resolution and high
flux. The lower panels show the 2D data summed from 10° to 180°. The count rates shown
correspond to a counting time of one second of data collection. The sample is Na,Ca;,AlzF14
powder in a cylindrical cell. For the high-resolution-mode a sample size of 3 mm diameter
and 10 mm height was used, whilie for the medium-resolution and high-flux modes the
sample size was 5 mm in diameter and 20 mm in height. The instrument configuration of the
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simulation corresponds to an early version of the instrument design, but the performance for
the final design will be similar. For more details on the simulation, see ref. [58]

TNPD and SANS can run quasi-simultaneously with a 71 ms delay. Pulses from the thermal
and cold moderators will be used for TNPD and SANS in an alternating fashion. A pulse
suppression chopper on the thermal guide will allow a SANS pulse for every 1, 2, 3,4 or 6
thermal pulses, to reach the sample. Generally, the small angle scattering patterns have two
orders of magnitude more intensity than the Bragg diffraction peaks. The sequence of the
pulses allows to adapt the speed of the TNPD and SANS measurements with respect to each
other. In addition, it will be possible to collect cold neutron powder diffraction patterns in
the diffraction detectors from the SANS pulses.

HEIMDAL is built to focus on development and testing of new materials close to application

in collaboration with industry. User-friendly software will aid the inexperienced and the
changing user community.

4.3 MAGIC — Polarised Single-Crystal Diffractometer for Magnetism

MAGIC Quick Facts

Instrument Class Diffraction

Moderator Bispectral

Primary Flightpath 159 m

Secondary Flightpath 1m

Wavelength Range 0.6-6 A

Bandwidth 1.7A

Flux at Sample at 2MW 1.5 x 10° n s cm™? (2.0 - 3.7 A, full
pulse)

Polarised Incident Beam Permanent

Half-Polarised Detector Bank

Q-Range 0.2-21 A

Q-Resolution Ad/d Adjustable 1-12 %

Detector Coverage 60°[H] x 48°[V]

Polarisation Analysis Detector Bank

Q-Range 0.2-6 A*

d-spacing Resolution Ad/d | Adjustable 0.2 -4 %

Detector Coverage 120°[H] x 6°[V]

Table 11 MAGIC Quick Facts

4.3.1 MAGIC Science Case

MAGIC is a polarised single-crystal diffractometer with polarisation analysis dedicated to
magnetism. The instrument has been designed to facilitate the study of magnetic systems,
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from magnetic structure refinement to magnetic diffuse scattering. As such, the instrument
will offer a permanently polarised beam with a choice of the cold and thermal moderators,
covering a Q-range of 0.1 — 20 A™. The instrument will allow the study of sub-mm samples as
well as thin films and interfaces with 2 — 50 A lattice parameters.

Of high current interest in the scientific community is the role of spin-orbit interactions in
solid materials and complex magnetic structures arising from competing interactions.
Examples of current hot topics include the physical properties of iridium oxide materials
[65], novel spin textures found in skyrmion-featuring materials [68], the complex interplay of
magnetism and superconductivity in unconventional superconductors (pnictides, cuprates,
heavy-fermion intermetallics and organic superconductors) [71], multifunctionality in
magnetically-induced ferroelectrics [69], and frustrated or low-dimensional magnetic
materials featuring strong magnetic correlations [70] or spin-liquid-like quantum coherent
ground states [66,67]. Some of these materials cannot be studied at present due to the
unavailability of sufficiently large single crystals and/or the weakness of the magnetic
contribution to the diffraction pattern.

4.3.2 MAGIC Instrument Layout

An overview of the MAGIC instrument can be seen in Figure 27.

-
ESS MAGIC Sample at 159 m Tap view

Monolith  Bunker J 3

Figure 27 MAGiIC instrument Iayout.ﬁ

The instrument optics have been optimised to transport a neutron beam in the 0.6 — 6 A
range with a +0.3° divergence both horizontally and vertically on a sample size of 5x5 mm?®.
Efficient transport of the thermal neutrons is ensured by an elliptic guide system divided into
three sections. The first one is a 74 m long half-ellipse starting at 6.9 m from the thermal
moderator surface and oriented downwards by 0.5°. It extracts neutrons from the
moderator and efficiently transports them to the second section, consisting of a polarising 3
m long straight guide part tilted by 0.25° compared to the first section. This section is
vertically divided into 6 channels to ensure a polarising reflection for all thermal-neutron
trajectories. The third section is a 74 m long half-ellipse focusing neutrons at the sample
position (159.4 m), with a horizontal beam direction. When operating with cold neutrons, a
solid-state bender located at 5.75 m from the moderator surface is translated into the beam
to deflect and inject them into the guide axis, while rejecting the thermal neutrons. Finally,
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an optional 1 m long focusing guide can be inserted just before the sample to increase flux
and divergence on sub-mm samples.

Cold neutron polarisation is ensured by the solid-state bender, coated with Fe-Si
supermirrors and placed in a 3 kG saturation field. A 60 G magnetic guide field will maintain
polarisation up to sample position. Thermal neutron polarisation is ensured by the polarising
section at the half-way position of the guide. Each channel in the polarising section is coated
with Fe-Si and placed in a 1 kG saturation field. The polarisation state can be switched with
an RF spin flipper placed along the last guide section. At the sample position, an optional XYZ
polarisation setup will allow users to freely rotate the incident polarisation. The cold neutron
beam (A > 1.8 A) polarisation will be analysed by a 120°x6° solid-state analyser.

The incident beam can be tailored to the user needs by a set of choppers and divergence
slits. The pulse length can be tuned from the full 2.86 ms down to 200 ps improving the
wavelength resolution while the incident divergence can be tuned down to £0.1°.

The sample area is designed to host all required cryogenic equipment and superconducting
magnets. A radial collimator will suppress most of the sample environment generated
background and will be surrounded by two detectors based on the *°B inclined geometry
technology. With a radius of 1 m, the angular resolution is of ~0.1°x0.3° (HxV). The first
detector will cover 60°x48° (HxV) and will be used for all experiments. The second one
covers 120°x6° (HxV) and will be dedicated to polarisation-analysis (PA) experiments.

4.3.3 MAGIC Expected Performance

The complete instrument has been simulated and optimised in McStas. An estimate of the
flux and polarisation of the cold and thermal spectra has been extracted. At an initial power
of 2 MW, the flux at sample position will be ~10° n s* cm? in the +0.3° divergence range.
The polarisation rate on the thermal spectrum is >98% for A<2 A and strongly decreases for
A>2 A. On the cold spectrum, the solid-state bender achieves a polarisation rate >96% up to
A=6 A. To confirm these estimates, prototypes of the solid-state bender and analyser are
under development.

Virtual experiments have been carried out to benchmark the instrument. On a typical 1 mm?
sample, a complete half-polarised data collection with the thermal spectrum will be
achieved in ~20 minutes. Polarisation analysis experiments with the XYZ setup allowing to
separate the nuclear and magnetic contributions on a 10 mm? sample will be achieved in
~40 minutes. These benchmarks show promising performances with a gain factor compared
to current instrumentation of one to two orders of magnitude.
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5. Spectroscopy Instruments

The properties and functionality of a specific material will depend on its atomic and
magnetic symmetry in conjunction with the vibrational modes originating from the
interactions between electrons and atoms. Vibrational modes can vary enormously from
molecular vibrations in hydrogenous materials, as exemplified in the olfactory system of
humans that detects change in the vibrational modes as an odour [72], to phonon modes,
collective atomic modes the properties of which strongly determine thermal conductivity,
guantum spin excitations that result in new states of matter, to diffusional motions of
atoms, important in the study of hydrogen fuel cell technologies aimed at reducing air
pollution. Inelastic neutron scattering measures the energy transfer of neutrons creating
and annihilating these elementary excitations. The resultant scattering intensity depends on
the wavevector transfer, representative of the crystalline and magnetic symmetry, and the
incident and final neutron energies, representative of the vibrational mode of the material.
A comparison of inelastic neutron scattering intensities with theoretical calculations
provides the strictest test for any proposed physical model.

In the first suite of instruments, ESS will host 5 spectrometers, optimised for a range of
dynamic modes with energies ranging from a few micro-eV to energies approaching the eV-
range. Since inelastic scattering signals are inherently weak, the signal-to-noise ratio remains
a strongly limiting factor for most state of the art experiments. ESS will be the worlds’
brightest neutron scattering facility and as such the possibility to study, by spectroscopy,
samples hitherto too small to yield results will become reality. In addition, the enhanced
brightness of the ESS enables routine in-situ time-dependent studies with optimised sample
environments — and thus widening the feasibility range of neutron spectroscopy even
further.

The long pulse of the ESS serves to improve spectrometer performance in a variety of ways.
First of all, it becomes preferable to build spectrometers with a rather long primary flight
path, as compared to instruments at short-pulse sources. This results in unprecedented
possibilities for background suppression, as the neutron detectors are situated very far from
the spallation target. Line-of-sight can be eliminated even for some thermal instruments and
far upstream in the guide system for the cold spectrometers. The fast-neutron environment
at ESS will therefore be very quiet, greatly improving the signal-to-noise ratio, which is most
crucial for the spectroscopy instruments.

The wavevector and energy coverage of the spectrometers is shown in Figure 28,
demonstrating the complementarity in dynamic range. The long pulse and primary flight
path allow for both increased flexibility and new design features, especially for the indirect
time-of-flight spectrometers. For instance, the intricate pulse-shaping chopper system of the
VESPA vibrational spectrometer allows for a near-constant relative energy resolution down
to 1% in a very wide energy range, greatly simplifying analysis of the recorded vibrational
spectra. The extreme environment spectrometer, BIFROST, will be able to utilize the full ESS
pulse while retaining a 150 peV resolution, resulting in unprecedented neutron flux at the
sample, while being able to trade neutron flux for energy resolution through pulse shaping,
down to 20 peV resolution. MIRACLES will provide an energy transfer range centered at the
elastic line from -500 to +500 peV, the largest of any backscattering spectrometer
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worldwide, with a tuneable energy resolution between 2 and 45 peV. Thus, the indirect
geometry time-of-flight spectrometers are all unique in the neutron community, each
recording excitation energies of different orders of magnitude.

The two direct geometry spectrometers are both highly versatile and mutually
complementary. CSPEC focuses on the cold regime and the corresponding broad scientific
profile of low energy excitations, while T-REX has a broader dynamic range and a scientific
emphasis on magnetism. Both instruments make extensive use of Repetition Rate
Multiplication (RRM), illuminating the sample with a series of incident energies from a single
ESS pulse within a wavelength band of 1.7 A. At the cold-neutron energies employed by
CSPEC, this bandwidth translates into a fairly limited range of incident energies which will
often allow the multiple data sets obtained in this way to be combined, effectively increasing
the counting rate. This is evident in the degree of overlap between the two lower shaded
regions for CSPEC in Figure 28. For the higher incident energies available on T-REX, RRM
results in a much larger range of incident energies which can not be straightforwardly
combined, but instead provides a much larger dynamic range, allowing the exploration of
the dynamics over several orders of magnitude, as is clear from the large degree of
separation between the two upper shaded regions for T-REX in Figure 28.
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Figure 28 The (QE) range accessible by the ESS spectrometer suite. Blue: CSPEC, Green: T-
REX, Red: BIFROST, Purple: VESPA, Yellow: MIRACLES. The shaded regions indicate the Q-E
coverage of a single measurement. In the case of BIFROST, two detector positions are
required to cover the shaded kinematic range. The coloured outlines indicate the region
which can be accessed by adjusting the range of incident energies. For CSPEC and T-REX, the
four shaded regions indicate the range of incident energies accessible using RRM. From left
to right: Minimum and maximum E; for the lowest energy setting, minimum and maximum E;
for the highest energy setting. The upper bound shown for each region is the limit of greatest
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energy transfer in downscattering (neutron energy loss), while the lower bound is the limit of
resolvable energy transfer (minimum resolution width).

While the science cases of the ESS spectrometers overlap to some degree, the instrument
capabilities do not, making the instruments highly complementary. The excitation energies
covered at the ESS span five orders of magnitude, and each instrument has the beneficial
combination of being both broadly applicable scientifically while specialising in specific types
of measurement. This makes the suite perfectly suited for delivering world class science
from the start of the user programme.

5.1 CSPEC — Cold Chopper Spectrometer

CSPEC Quick Facts
Instrument Class Spectroscopy
Moderator Cold
Primary Flightpath 160 m
Secondary Flightpath 35m
Wavelength Range 2-20 A
Bandwidth 1.72 A
Flux at Sample at 2MW 9x10° n s cm™ over 4x2cm? (standard beam)
(A=5A, AE/E=3%) 4x10° n s cm™ over 1x1cm? (focused beam)
Detector Coverage 5-140°[H] x +8°[V]
(5-140°[H] x £26°[V] *)
Energy Resolution Adjustable 1 -5 % of E;

* available as a foreseen upgrade
Table 12 CSPEC Quick Facts. The quoted flux numbers do not take RRM gains into account.

5.1.1 CSPEC Science Case

CSPEC has been developed to access picosecond dynamic behaviour in life sciences, energy
and functional materials in addition to emergent magnetism. The weak interaction of
neutrons with matter, in addition to the limited flux at present-day neutron sources, make it
difficult to address certain pertinent scientific questions at this moment in time. The
enhanced flux of the ESS, in addition to the unique possibilities gained via repetition rate
multiplication (RRM) on a long cold chopper spectrometer, enables CSPEC to follow kinetic
events in-situ or in-operando and probe materials for which the synthesis route results in
samples that are too small to measure today.

CSPEC will probe the structures, dynamics, and functionality of large hierarchical systems as
they change or operate. Hierarchical systems include liquids, colloids, polymers, foams, gels,
and granular and biological materials as well as the ever-complex low-energy dynamics of
energy and magnetic materials.
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Particular examples include:

J Understanding the effect of spin-orbit coupling in the classification of quantum
spin liquids [73,74].

. Magnetic excitations of emergent phenomena in magnetically frustrated
materials [74,75].

. Time dependence of the rotational or translational diffusive processes in enzyme
catalysis [76,77].

J Time dependent phenomena of hydrogen storage in clathrates [78].

. Proton diffusion in metal organic frameworks [79].

J Diffusion dynamics and the relation to the ordering mechanism of solidification
[80,81].

) Understanding light induced dynamics of antenna pigment/protein complexes
[82].

5.1.2 CSPEC Instrument Layout

CSPEC is a 160 m instrument, from the moderator to the sample position, with a 3.5 m
sample-to-detector distance in the equatorial plane (see Figure 29). The guide views the
para-hydrogen cold moderator before vertically curving twice out of line of sight in an S-
shape, and once out of line-of-sight in the horizontal direction in a C-shape.

ESS CSPEC ©® = Sample at 160 m Tep view

ot i o

Figure 29 CSPEC instrument layout. Components shown in white are foreseen upgrades.

Bandwidth choppers extract a 1.72 A bandwidth before a counter rotating double-disk pulse-
shaping (PS) and a double-disk monochromating (M) chopper, at 105.7 and 158.5 m
respectively from the moderator, providing a series of up to 10 monochromatic pulses for
each ESS source pulse, with an adjustable energy resolution. The length of each individual
time frame can be chosen to optimise for quasielastic or inelastic scattering, via a frame
overlap chopper positioned before the monochromating chopper. The long length of CSPEC
ensures that adjacent pulses are close in incident energy E; (Figure 30), and comparable in
energy resolution (Figure 30 inset). The figure shows the time-distance diagram for the
extraction of 3—4.6 A neutrons with an M chopper frequency of 336 Hz, resulting in an
energy resolution (full width at half maximum) ranging from 1.6% to 1.35% for the RRM set
of wavelengths starting at A = 3 A — see Figure 30 (inset). Large flux gains can be made by
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combining pulses within each repetition period if the experiment can tolerate the variation
in energy and wavevector transfer resolution across the bandwidth.

150F 3<A<46A TS0 T 707 1l 3<r<ca64 ~°775
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E
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Figure 30 Time of flight diagram for 3—4.6 A neutrons across the 1.72 A bandwidth of CSPEC.
Dashed horizontal lines represent chopper positions and respective opening times. The
coloured lines between the sample and detector indicate an energy loss of (left) 80% of E; and
(right) 20% of E;, and an infinite energy gain. Inset: Range of elastic energy resolutions across
the bandwidth for a range of incident wavelength settings with minimum wavelengths of: 3,
5,7,and 9 A.

An exchangeable focusing guide can reduce the beam size from 4x2 cm? to 1x1 cm? at the
sample position, increasing the flux by a factor of 5 at a wavelength of 5 A. Translation of the
slit system towards the sample ensures a good signal-to-noise ratio. The sample
environment pot is integrated into the detector tank with an aluminium gate valve between
the two, that can be closed to enable experiments under ambient pressure, and opened to
minimise excess scattering from aluminium, e.g. for single crystal experiments. The sample
environment pot has been designed to offer both access from the top and from the side,
facilitating in-situ and in-operando experiments.

First day sample environment includes:

. Cryofurnace

o He insert

J Access to a 12 T magnet via the sample environment pool
L Sample rotation stage & goniometer

. In-situ capabilities (pump-probe).

Scattering from the sample will pass through an oscillating radial collimator into the detector
tank with a lateral angular range -30° < 20 < +140° and a vertical angular range from -8° to
+8° on day one, extendable as a foreseen upgrade to -26.5° to +26.5°, resulting in 2.65 sr of
detector coverage. The detector tank is evacuated and conforms to the amagnetic
requirements to house a 12 T magnet at the sample position. Neutron detection is based on
1og multigrid layer technology [83] using 25x25x10 mm?> (height x width x depth) voxels to
cover the detector area.
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5.1.3 CSPEC Expected Performance

CSPEC will provide world-leading performance for a chopper spectrometer. According to
neutronics calculations an improvement in flux, for each pulse on sample, of a factor of 2—6
(at 5 MW) can be expected with respect to current leading cold chopper spectrometers.
Further substantial flux gains, at minimal expense of energy resolution, can be made by
accumulating RRM pulses. CSPEC will therefore make it possible to study the dynamic nature
of materials under real time kinetic events. This will be particularly feasible with the versatile
sample environment that is optimised to perform in-operando experiments.

5.2 T-REX — Bispectral Chopper Spectrometer

T-REX Quick Facts

Instrument Class Spectroscopy
Moderator Bispectral
Primary Flightpath 164 m
Secondary Flightpath 3m
Wavelength Range 0.7-6.5A
Bandwidth 1.7 A
Incident Beam Polarisation Optional
Polarisation Analysis Optional

Flux at Sample at 2MW (E; = 8 meV) 0.8-5x10°n s cm™

Flux at Sample at 2MW (E; = 50 meV) 0.3-2x10°n st ecm™

Detector Coverage 1°-72°[H] x -25°-15°[V]

(-36°—144°[H] x -25°—15°[V] *)
Energy Resolution (E; = 2 meV) Adjustable 1-2.5 % of E;
Energy Resolution (E; = 100 meV) Adjustable 4-7 % of E;

* available as a foreseen upgrade
Table 13 T-REX Quick Facts. The quoted flux numbers do not take RRM gains into account.

5.2.1 Science Case

The T-REX spectrometer is devoted to measuring a wide range of energy transfers, between
20 peV and 140 meV, with good wave vector resolution in combination with Polarisation
Analysis (PA). The correspondingly large choice of instrument configurations and operational
modes will deliver the flexibility and versatility requested by the wide user community.

In particular, the PA option will enable the separation of the magnetic spectra from nuclear
scattering, the analysis of polarisation and eigenvectors of magnetic excitations and permit
the separation of coherent and nuclear spin incoherent scattering, which is of particular
importance for hydrogen-containing samples in energy research, soft matter and life
sciences. Spectroscopy using non-polarised neutrons in the wide dynamical range offered by
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T-REX will enable the investigation of coherent excitations, spin correlations and
fluctuations, relaxation and diffusion processes in a broad range of samples and applications.
The instrument can be configured in a versatile fashion. The long and bright pulse from the
ESS moderators in combination with fast-spinning counter-rotating choppers enables energy
resolution settings from high resolution to high flux simply by changing the chopper
frequency. T-REX is designed to perform repetition-rate multiplication (RRM), in which the
choppers select a range of incident energies from a single source pulse. Each individual
spectrum is measured with a well-adapted energy resolution. This characteristic is crucial
for the study of large energy transfer to the sample and particularly useful for experiments
on single crystals. With tuneable beam collimations, the balance between Q-resolution and
flux can be tailored to the needs of each experiment, and good background conditions at the
lowest detection angles can be achieved in cases where weak signals are under investigation
with thermal incident energies at small Q values, such as for the study of collective
excitations in disordered systems.

In view of the variety of expected user communities, the sample area shall be spacious and
capable of hosting various pieces of sample environment equipment, enabling the
application of high and low temperatures, pressure, and magnetic or electric fields. More
complex studies, such as in-operando measurements or levitation experiments require
convenient side access to the sample area to allow also auxiliary characterisation tools in
parallel to the neutron scattering experiment.

5.2.2 Instrument Layout

Sample at 164 m

Monolith Bunker

Figure 31 T-REX instrument /ayout Components shown in Whlte are foreseen upgrades.

In order to achieve its scientific mission T-REX is equipped with a bispectral extraction
system. The neutron guide axis is oriented towards the thermal part of the moderator, so
that neutrons from the cold moderator arrive with an angular offset towards the guide
entrance and need to be reflected into the axis direction. This function is performed with a
bender that reflects only neutrons from the cold moderator, with high efficiency for
wavelengths above 2 A. A motorized stage moves the bender element into place when cold
neutrons are needed for the experiment and exchanges it with a standard guide element to
reach unperturbed guide illumination from the thermal moderator.

The shape and properties of the neutron optics have been optimised with the help of ray-
tracing simulations for a beam collimation increasing from +0.25° in the thermal band to #1°
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in the cold band, and a beam cross section at the sample position of 10x30 mm?. The vertical
profile consists of two half-elliptic extremities connected with a straight section in the
middle. As a measure to reduce background, the horizontal shape consists of a curved
section of 60 mm width (R=12 km), 90 m long, to ensure that the direct line-of-sight is
broken, while the end section has an elliptic profile.

When specific measurements require a clean access to the small-angle region of the
detector (down to 1°), such as collective dynamics of disordered systems or spin dynamics of
powder samples, the last elements of the neutron guide can be replaced with a collimator by
means of a motorized exchanger.

The chopper cascade of T-REX implements five different functions. Two disks spinning at 14
Hz are used to select the experimental band and avoid overlap from previous pulses. A pair
of counter-rotating choppers placed at 108 m from the moderator, spinning at frequencies
below 252 Hz, defines the source pulse width and hence the wavelength resolution of the
incoming beam. A pair of counter-rotating choppers placed at 162 m from the moderator,
spinning at frequency below 336 Hz, defines the pulse width of the incoming beam at the
sample and hence the time-of-flight resolution of the scattered beam. A specially developed
fan chopper is used to avoid frame-overlap in the scattering pattern, by suppression of
specific wavelengths from the polychromatic beam. All choppers are placed outside the
bunker. In addition, the project includes the provision for adding a TO chopper inside the
bunker at distance < 19 m, in case the hot commissioning indicates that it is necessary to
further reduce background.

Realising PA for the entire neutron wavelength band of T-REX is a challenging task and, due
to the bispectral character, it requires different components for cold and thermal neutrons,
so that the best performance will be achieved in both the energy ranges. To realise
polarisation of cold neutrons, the polarisation system includes a polarising multichannel V-
cavity, whereas for thermal neutrons it includes a polarised *He cell and a guide field for
adiabatic spin rotation. The analysis of the neutron spin direction after scattering from the
sample will be obtained with a “Magic PASTIS” setup [84], which will include a wide angle
*He cell.

The secondary flight path on T-REX will be kept under cryogenic vacuum conditions (10
mbar). The detectors for T-REX will be based on the new MultiGrid design. The active area
will cover the polar angular range from -25° to +15° and the azimuthal angular range from -
36° to +144°, with a minimum scattering angle of 1°. In the day-one configuration of the
instrument, the detectors will be installed at angles from 1° to 72°. Given the sample to
detector distance of 3 m, the detection area specified in the foreseen upgrade is 21 m?, with
a full height of 2.2 m. In order to achieve the expected scientific performance in terms of
energy and Q resolution, the detector voxels will be 20 x 20 x 10 mm? (width x height x
length).

6

5.2.3 Expected Performance

Two anticipated chopper configurations have been tested using ray-tracing simulations: the
instrument configuration with the highest achievable energy resolution (HR) and the one
with the highest flux (HF). We performed virtual experiments using as a sample an ideal
isotropic scatterer, in order to mimic Vanadium calibration. The results of virtual
experiments have been analysed with respect to elastic energy resolution and flux at
sample. We have compared the flux values obtained, for an ESS power of 2MW, to

Page 71 of 92



comparable values for existing world-class instruments also obtained by simulation. T-REX
shows a gain factor of 3 when compared to IN5 at an incident energy of 3 meV and an elastic
energy resolution of 100 peV (FWHM). When compared to 4-SEASONS at an incident energy
of 100 meV and an elastic energy resolution of 4 meV (FWHM), the calculated gain factor is
6, for a J-PARC accelerator power of 1 MW. Since T-REX is optimised for RRM, an additional
gain is expected ranging from 1 to 20, which is difficult to quantify, as it depends mainly on
the experiment.
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Figure 32 Results of Vitess simulations are analysed in terms of flux at 2MW ESS source
power and energy resolution for two anticipated chopper configurations termed HF (highest
flux achievable) and HR (highest-best resolution achievable).

We stress that with the design of T-REX we aim at performing inelastic neutron scattering
differently and not simply faster because of the increased flux, by combining the use of
polychromatic experiments with Polarisation Analysis over a wide dynamic range. This
characteristic is not available nowadays at any instrument and will make the instrument
unique to the needs of the user community.
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analysis.

5.3 BIFROST — High-Flux Extreme Environment Spectrometer for Small Samples

Figure 33 Left: Thermal Beam Polariser Unit. ight: “Magi

BIFROST Quick Facts

Instrument Class Spectroscopy
Moderator Cold

Primary Flightpath 162 m
Sample-Analyser Flightpath 1.1-1.7 m
Wavelength Range 1.5-6 A
Bandwidth 1.7 A

26 Range 7°-135°

20 Coverage 90° in 2 settings
20 Resolution 0.7°-1.2°

Analyser Energies

2.7,3.2,3.8,4.4,5.0 meV

Energy Transfer Range

-3 —+455 meV

High Flux Mode [2.3 — 4.0A]

Flux at Sample at 2MW

6x10° nstcm™

Resolution (E;=5meV, Aw=0)

190 peV

Resolution (EF=5meV, hw=5meV)

450 peV

High Resolution Mode [2.3 — 4.0A]

Flux at Sample at 2MW

9x10% n st cm™

Resolution (Ez=5meV, Aw=0)

50 peV (prismatic)

Resolution (E=5meV, Aw=5meV)

50 peV (prismatic)

Table 14 BIFROST Quick Facts
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5.3.1 BIFROST Introduction

BIFROST will be a high flux cold neutron indirect geometry spectrometer, optimised for
taking full advantage of the entire ESS pulse. Allowing a polychromatic beam to reach the
sample position, BIFROST will attain a flux up to 10™° n s* cm™ while retaining the typical
resolution of cold neutron spectrometers. The 0.7 m? large analyser array is confined to the
horizontal scattering plane. These unique features make BIFROST the instrument of choice
for investigating low-energy dynamics in small samples and in extreme sample
environments.

5.3.2 BIFROST Science Case

BIFROST is expected to massively impact the field of magnetism. Although abundant in
applications, this field persists as a subject of immense fundamental interest.

Low-dimensional magnets in particular give rise to puzzling phenomena, usually studied
using cold neutron spectroscopy. Fractional excitations in square-lattice quantum
antiferromagnets [85] and confinement bound states in 1D quantum magnets [86], are good
examples. Applying magnetic fields to such model magnets can induce baffling phenomena
like Higgs amplitude modes [87] and Bose-Einstein condensation [88], while applied pressure
can give rise to quantum phase transitions in quantum spin liquids [89]. Cryomagnets are a
standard tool in neutron spectroscopy, but pressure cells much less so, due to severe
limitations on the sample space. As BIFROST allows cold neutron spectroscopy on much
smaller samples than previously feasible, the instrument is expected to unchain the field of
high pressure quantum magnetism.

High-temperature superconductivity arises in the antiferromagnetic square CuO, layers of
the well-studied cuprates. A resonance mode at the antiferromagnetic wavevector appears
in the superconducting state [90,91,92] and has also been observed in multiple Fe-based
superconductors [93]. In general, our knowledge of the spin-excitations in these
unconventional superconductors is limited by neutron flux, and in the case of the cuprates,
only crude details of these complex dynamics are currently experimentally accessible. A
more detailed experimental picture might prove crucial for our understanding of the spin
dynamics of the cuprates, both at low [94] and high [95] energies. BIFROST will be able to
provide such a picture, especially by studying the interplay of superconductivity with
competing order parameters that come into prominence as superconductivity is suppressed
by high magnetic fields [96].

Many potentially functional magnetic materials work via mechanisms which are poorly
understood. Recently, Skyrmion lattices [97] offer the possibility of ultra-dense data storage,
and the dynamics of these chiral magnets are studied using neutron spectroscopy [98]. The
multiferroic materials are intensely studied as well. Besides playing a crucial role in the
emergent field of spintronics [99], they give rise to curious magnetic states such as
electromagnons [100] and solitonic lattices [101]. They also harbour exceedingly complex
(H,T) phase diagrams [102,103]. Parametric studies of the dynamics related to this plethora
of magnetic phases will be offered by BIFROST for the first time.
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The order of magnitude flux gain delivered by BIFROST also has the potential of making cold
neutron spectroscopy much more accessible outside the magnetism community. For
example neutron flux has to date been a limiting parameter for studies of quasielastic
scattering under very high pressures, which has the potential to yield unique information
about the diffusion of water in the Earth’s crust [104], important in the field of geoscience.
Another example is collective dynamics in biological samples, e.g. the investigation of lipid
membranes on a triple axis spectrometer [105].

5.3.3 BIFROST Instrument Layout

An overview of the BIFROST instrument is shown in Figure 34. The in-monolith feeder
efficiently accepts the appropriate neutron beam phase space from the cold source, and
focuses the neutrons horizontally onto a virtual source 6.32 meters from the moderator.
Here, a 210 Hz double-disk Pulse-Shaping Chopper (PSC) will be able to reduce the pulse
duration down to 0.1 ms in the high-resolution mode. A parked PSC allows the full ESS pulse
to reach the sample in the high-flux mode. Further downstream, two Frame-Overlap-
Choppers (FOCs) remove unwanted frames from the PSC. At 78 m from the moderator, the
bandwidth chopper (BW) tunes the neutron band to avoid frame overlap at the sample
position. After the sample, the analysers are arranged in a single scattering plane,
accommodating the geometries of high field magnets. There are 9 Q-channels, each covering
a scattering angle interval of 5.2°, and spanning a 90° 26-interval in two tank settings. A
beryllium filter between the sample and the analysers eliminates scattered neutrons with
energies above 5 meV from the tank, preventing higher-order contamination from the
analysers. Each Q-channel will contain 5 analysers reflecting neutrons with energies of 2.7-
5.0 meV (see Table 14), following the CAMEA concept [106], with analysers placed behind
one another. Prototypes of this backend concept were tested both on time-of-flight [107]
and triple-axis [108] front-ends, and currently a triple-axis implementation of this back-end
is in user operation [109]. For each analyser channel, the prismatic analyser concept is
implemented [110], offering the option for greatly improving backend resolution. The
detector for each channel consists of 3 position-sensitive 1D tubes, offering continuous
coverage in 20 (along the tube axis) and the option of splitting the scattering from the
analysers into 3 distinct energy channels, each accepting a much narrower energy band than
that of a simple similar analyser/detector arrangement. This gives BIFROST a unique
combination of very high flux, mapping capabilities and a flexible energy resolution.

Page 75 of 92



ESS BIFROST Sample at 162 m

Figure 34 BIFROST instrument layout.

5.3.4 BIFROST Expected Performance

The BIFROST guide is optimised for a sample area of 1x1 cm?, with both a vertical and
horizontal divergence of +0.75°. The polychromatic incoming beam has a bandwidth of 1.7
A, due to the repetition rate of the accelerator and the length of the instrument. The useful
dynamic range of BIFROST lies in the wavelength interval 1.5-6.0 A. Looking primarily at the
cold source, the optimal flux setting is between 2.3 and 4.0 A, the expected workhorse mode
of the instrument. In this wavelength interval, the coarsest resolution mode offers a neutron
flux approaching 10 n/s/cm?. At the shortest wavelengths the flux is reduced by factor of
5-10, and implementing the highest resolution (PSC opening time of 0.1 ms) reduces the flux
by a factor of 30. However, even in the highest resolution mode in the near-thermal range,
BIFROST delivers a flux well in excess of 10’ n/s/cm?>. The energy resolution is a convolution
of the front- and back-end resolutions, respectively. Therefore, the prismatic use of the
back-end channels is not needed in the coarse resolution mode of BIFROST, where the front-
end resolution dominates. Here, the back-end channels would be more similar to that of a
standard triple-axis spectrometer, with similar resolution in the entire dynamic range.
However, in the high resolution mode, the prismatic use of the detector arrays offers a
greatly improved resolution, not only at the elastic line, but retainable inelastically. Thus, a
resolution of down to 20 peV [111] is achievable in the interval hw = 0 — 6 meV, using the
prismatic analyser concept, for a final energy of E; = 2.7 meV. The high flux, together with
the prismatic concept, allows for an unprecedented real-time resolution of 20 us, allowing
for pump-probe studies [111]. The Q-resolution is wavelength-dependent, and it is therefore
more useful to present the angular resolution of the spectrometer. The angular resolution of
the backend is fixed, both horizontally (1.2° at Ef = 2.7 meV and 0.7° at E; =5.0 meV) and
vertically (2°). The divergence of the incoming beam is fixed vertically (0.5-1.2° depending
on wavelength), and can be adjusted horizontally by divergence jaws within the interval 0.4—
1.5°.
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Figure 35 Low angle continuous ([/Q/[,E) coverage of BIFROST for Ef = 5 meV in the
wavelength interval 2.3 — 4 A, in high flux mode. The spacing between the horizontal dotted
lines indicates the FWHM of the energy resolution of the primary spectrometer, at that
energy transfer.

5.3.5 BIFROST Conclusion

In conclusion, BIFROST is a cold spectrometer optimised for the unique ESS source, with a
great deal of flexibility in terms of dynamic range, sample environment, energy resolution
and Q-resolution. The instrument offers massive gains in performance at high applied fields
and using pressure cells, as compared to the current state-of-the-art.

5.4 VESPA — Vibrational Spectrometer

VESPA Quick Facts

Instrument Class Spectroscopy
Moderator Thermal
Primary Flightpath 59 m
Sample-Analyser Flightpath 0.61-0.69 m
Wavelength Range 0.4-4.7 A
Bandwidth 43 A

Analyser Coverage 0.75 (5.25 *) sr
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Analyser Energies 3.7-4.8 meV
Energy Transfer Range -1 —-+500 meV
High Flux Mode

Flux at Sample at 2MW 2.3x10%nstem?
Energy Resolution AE/hw =2.6 %
High Resolution Mode

Flux at Sample at 2MW 6.5x 10" ns*cm?
Energy Resolution AE/hw =1.0%

* available as a foreseen upgrade
Table 15 VESPA Quick Facts

5.4.1 VESPA Science Case

The fundamental idea behind the neutron vibrational spectroscopy (NVS) [112] technique is
analogous to that exploited in optical vibrational spectroscopy (i.e., infrared and Raman): a
sampling probe, carrying energy larger than that of the internal excitations, is directed at the
sample. The resulting energy loss upon excitation of a vibration mode gives direct
information on the vibrational energy level structure of the sample. In general, vibrational
spectroscopy is an important technique frequently used in both fundamental and applied
research laboratories all over the world. Its applications to the investigation of solids and
liquids, soft matter, complex fluids, and bio-materials are well-known. Alone or in
combination with other techniques, vibrational spectroscopy permits the identification of
bonds and functional groups, as well as the transformations that occur when bonds are
broken and made in chemical reactions (e.g., in catalysis or thermal decomposition). In
addition, the vibrational density of states is of great interest in itself, being related to various
thermodynamic properties such as specific heat and entropy. NVS exploits the large
incoherent scattering cross section of the hydrogen nucleus. Proton dynamics or vibrations
connected to the movement of H atoms can be easily detected spectroscopically, even if
hydrogen is dissolved at very low concentrations in materials composed mostly of heavier
atoms. For this reason, the technique attracts a considerable level of interest in the scientific
community operating in the fields of chemistry, materials science, physics, and biology, and
will be complemented on VESPA by standard neutron diffraction capabilities.

5.4.2 VESPA Instrument Layout

The VESPA spectrometer (see Figure 36) can be conceptually divided into the following
functional blocks [113]: (1) neutron optics system; (2) shielding; (3) chopper system; (4)
shutters; (5) end-station; (6) analysers, filters, and detectors; (7) beam stop. The neutron
optics system will be able to perform an efficient transport of a large spectral bandwidth (0.4
A<A<4.7 R) in order to give rise to a homogeneously illuminated sample area (25x40 mm?,
angular divergence up to +£1.4°) at 59 m. The neutron guide will stretch from 2.0 m to 58.5
m, slightly tilted with respect to the target-to-sample line in order to maximize the thermal
component of the incoming neutron spectrum.
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ESS VESPA Sample at 589 m Tep view

Monolith Bunker Dot

Figure 36 VESPA instrument layout

Approximately the first 3.5 m of the guide (the “feeder”) will be inserted in the monolith,
followed downstream by about 1.0 m of straight guide crossing the chopper area (see
below). After that, an elliptic guide (with 3<m<5) of about 51.0 m will transport neutrons up
to the end of the optical system. The chopper system is the central part of the instrument.
The chopper disks we have used can be classified according to their function into: three
pulse-shaping choppers (PSC, 3 pairs of counter-rotating disks), one frame overlap chopper
(FOC, 1 disk) and one sub-frame overlap chopper (s-FOC, 1 pair of counter-rotating disks).
Together (using two PSC’s out of three at the same time) they will form the wavelength
frame multiplication (WFM) chopper system enabling the required variation of the
instrumental energy resolution. The rotation speeds will be fairly low (154, 28, and 42 Hz)
compared to the state-of-the-art capability.

VESPA will use highly oriented pyrolytic graphite (HOPG) crystals to determine the final
neutron energy, as fixed by the selected Bragg reflection (002). Such a configuration requires
a high-pass filter coupled to the HOPG analysers to remove higher order harmonics before
detection. A low-temperature beryllium filter will be used to fulfil this task (the Be Bragg cut-
off being A,=3.97 A). The “day-one” configuration of the VESPA spectrometer includes 2
backscattering crystal analyser arrays, placed at an average scattering angle 26 of about
135°. These analysers will select neutrons whose first harmonics correspond to the following
final neutron energy range: 3.7 meV < Ef< 4.8 meV. Each HOPG crystal array will illuminate 8
detector tubes (see below for details) through a beryllium filter (14 cm thick) forming a
module (known as an “analyser-filter-detector” module). With 2 modules, a total solid angle
of 0.75 sr will be provided. Neutron vibrational spectrometers are normally equipped with
standard commercial detectors such as *He PSD tubes. In our case thin cylindrical tubes (e.g.
with an 8.0 mm diameter) will be particularly suitable since the neutron travel time in the
tube is a significant contribution to the time-of-flight (i.e. energy transfer) instrumental
resolution. As for the diffraction capabilities, since the requested performances are simply
standard, similar cylindrical *He tubes will be adequate.

5.4.3 VESPA Expected Performance

VESPA will cover a wide range of energy transfers, -1 < E < 500 meV, in one shot: the full
neutron spectrum is collected in a single ESS time frame, making kinetic or parametric
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experiments feasible. Simulation results show that VESPA will be able to provide an excellent
neutron flux up to 125 meV (in the high-flux setting), covering about half of the so-called
“fingerprint region” (60-220 meV), which is the crucial interval in neutron vibrational
spectroscopy. The instrument resolution was accurately calculated achieving (over most of
its energy transfer range) two constant relative energy resolution values, either AE/E; = 1.0%
(“high resolution” mode) or AE/E; = 2.6% (“high flux” mode), see Figure 37 for an example.
Moreover, the possibility of improving the resolution at the expense of the count rate or, on
the contrary, sacrificing the resolving power to increase the instrument flux at the sample
position, is a feature that makes VESPA unique among all indirect-geometry inelastic
instruments worldwide. For example, in the aforementioned fingerprint region, when
moving from the “high resolution” mode to the “high flux” mode, one obtains an increase in
the incoming neutron flux of a factor of 5, at the expense of the average relative resolution,
which increases from 0.7% to 2.6% (see Figure 38). As for the “high resolution” mode
diffraction capabilities, the day-one d-range will be 0.25 — 3.86 A (at medium resolution,
Ad/d=10), upgradeable in the future with an additional interval of 0.20 — 2.41 A (at high
resolution, Ad/d=5x107).
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Figure 37 Simulated spectrum of a hexamethylenetetramine sample at low temperature with
the two different resolution levels available on VESPA.
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Figure 38 VESPA relative resolution as a function of the energy transfer: blue squares
represent the ‘high flux’ mode, while red squares the ‘high resolution’ mode. VISION and

TOSCA-Il estimated performances [112,114] are reported as green triangles and black circles,
respectively. Lines are only a guide for the eye.

5.5 MIRACLES — High-Resolution Backscattering Spectrometer

MIRACLES Quick Facts

Instrument Class Spectroscopy
Moderator Cold

Primary Flightpath 162.5m
Sample-Analyser Flightpath | 2.5 m
Wavelength Range 2-20 A
Bandwidth 1.5A, +0.5 meV *
Energy Transfer Range -2—+20 meV

Q Range 0.2-2 At*

High Flux Mode

Flux at Sample at 2MW 1.5x10° n st ecm?*
Elastic Energy Resolution 45 peV

High Resolution Mode

Flux at Sample at 2MW 4x10" nstcm?*
Elastic Energy Resolution 2 peV

* when centred on A =6.27 A
Table 16 MIRACLES Quick Facts
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5.5.1 MIRACLES Introduction

MIRACLES is the time-of-flight backscattering spectrometer at the ESS. Its incident energy
and pulse of the moderator can be tailored by means of a chopper cascade extended along
its 162.5 m guide. MIRACLES will have a broad bandwidth in energy transfer, hw, of 500
ueV, when centred at the elastic line, thus allowing measurement of quasi-elastic and low-
energy inelastic excitations. Variations in energy of the incoming neutrons interacting with
the samples will be analysed using Si(111) crystals in near-backscattering geometry
reflecting neutrons with energy Ef =2.08 meV to the detector area near the sample.
Contributions from the primary (beamline) and secondary (backscattering system)
spectrometer to the energy resolution are balanced to reach an optimised elastic resolution,
A(hw), of 2 peV — the high-resolution mode. This energy resolution can be tuned and relaxed
to achieve record values of flux, taking advantage of the unigue pulse structure and
excellent brilliance provided by the ESS source.

The energy range of the instrument comprises the cold region (wavelengths from ~2 to 20
R). The backscattering spectrometer (Si-analysers + collimator + detectors) covers a range of
scattering angles of 150°, and thus a Q range for the elastic line using Si(111) reflections of
between 0.2 and 2 A™. Increasing capabilities are envisioned as a future upgrade with the
use of the Si(333) reflection (A = 2.08 A) and/or the Si(311) (A = 3.28 A), which will allow for
an extended Q-range [115].

5.5.2 MIRACLES Science Case

The choice of spectrometer is generally defined by the energy transfer range covered (hw),
wave-vector range (Q) over which one can measure different excitations, with an associated
energy and wave-vector resolution (A(hw) and AQ, respectively). Thus, to select the most
suited spectrometer for a certain measurement, both the type of excitation(s) of interest
(for example molecular vibrations, phonons, magnons, local diffusion and rotation, crystal
field excitations) as well as the overall scale of the motion needs to be considered. On
today’s instruments, it is often necessary to collect data on more than one spectrometer in
order to cover the complete energy range of these excitations [116]. This is clearly the case
for polymer science [117], where the large observation time, large energy bandwidth,
energy range and tuneable resolution offered by MIRACLES, will, for the first time, provide
complete information using a single spectrometer. Here we also recall that neutron
backscattering spectroscopy provides unique access to the ns time-scale and allows
unambiguous measurement of the single-particle self-correlation function. Moreover, the
analysis of quasi-elastic neutron scattering (QENS) data associated with molecular dynamics
simulations (MD) is one of the most suitable approaches to support the use of MD generated
structures [118,119]. Finally, as the energy resolution, of the order of peV and selected with
the optimised chopper cascade, is kept throughout the extensive incident energy range,
MIRACLES will allow unique high-resolution inelastic scattering capabilities [120].

All these features highlight the suitability of MIRACLES to carry out studies of dynamics at

the ns-ps range, applied to an extended list of topics. Some examples linked to the science
case and extracted from state of the art research include:
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J Life sciences: degenerative diseases, protein dynamics and enzyme catalysis

J Pharmaceutical studies, including drug implementation/delivery.

. Energy sciences: catalysis, fuel cells and H, storage, CO, capture, proton diffusion
and enzymes encapsulation in MOFs.

J Polymer sciences: organic electronic devices, viscoelasticity.

. Climate change: waste containment, ice formation, Portland-alternative cements.

. Next-generation magnetic materials: molecular nanomagnets, spin dynamics in

novel magnetic materials.

5.5.3 MIRACLES Instrument Layout

The layout of the MIRACLES spectrometer is illustrated in Figure 39. The beamline is centred
at the cold moderator. The guide design (including beam extraction and loss of direct line-of-
sight) can be split into vertical and horizontal layouts, according to needs and technical
(system) requirements for backscattering QENS and INS experiments [121]. For the neutron
beam extraction, the horizontal layout is constrained by the guide section at the pulse-
shaping chopper position, that along with the slit width for the pulse-shaping chopper must
be small enough, to deliver short opening times of about ~70 ps, and thus a final elastic
energy resolution A(hw) = 2 peV. The vertical layout for the neutron beam extraction
system, in turn, is designed to maximize collection and transport of neutrons, by using an
elliptic profile with the focal point slightly shifted with respect to the centre of the cold
source.

ESS MIRACLES Sample at 162 m

Monolith Bunker 2_
Figure 39 MIRACLES instrument layout

After the pulse-shaping/selection choppers region, the guide has a curved shape (R~2 km) in
the horizontal layout to cut off neutrons with A < 2 A and to efficiently lose direct line-of-
sight not only from the primary source (radiation that comes out of the monolith insert) but
also any other secondary neutron source originating from the beamline components, like
choppers, etc. A long straight segment starts with a tapered guide (divergent trumpet)
aimed to reduce the horizontal angular divergence distribution. Following this strategy, a
neutron transport >90% along the ~80 m straight guide coated with m=1.5 is achieved.
Finally, the focusing guide is designed to illuminate samples of <3x3 cm? located at 30 cm
from the guide exit.
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The MIRACLES chopper cascade is designed to adjust the balance between resolution and
flux through the pulse shape and length [122]. A pulse-shaping / pulse-selection chopper
assembly, located after the exit of the monolith, is designed to ensure a wide, flexible range
of configuration modes that range from the aforementioned high-resolution elastic mode
(A(hw) = 2 peV) to the high-flux mode, capturing almost the whole pulse delivered by the
ESS source, with a bandwidth of AA = 1.7 A and an elastic resolution of A(hw) = 45 peV. An
additional chopper is added at the long straight section of the beamline with a threefold
purpose: defining the final wavelength bandwidth, minimizing frame overlap between pulses
in the high flux modes, and removing contaminating long wavelength harmonics that escape
through the pulse-shaping system. Rephasing the chopper system allows the selection of
shorter or longer wavelengths, so that inelastic processes far from the elastic line can be
accessed.

Once the selected neutrons hit the sample, the variations in energy of the neutrons
interacting with the sample are scrutinized using a Si(111) analyser, with a radius of R = 2.5
m [123], that scatters neutrons with a wavelength A of 6.27 Ain a near-backscattering
configuration (26 = 88.5°). Backscattered neutrons are then collected using a *He detector
array, in a cylindrical configuration surrounding the sample chamber, slightly above and
below the sample position. A radial collimator located between the analyser and the
detectors improves the signal-to-background ratio. All these components together with the
backscattering analyser Si-system are hosted within a 90 m? vacuum tank. The vessel is
located within the cave, designed to shield / isolate the scattering vessel from the outside
and to host the scientific activities that involve a scientific experiment which will be
developed at its roof.

5.5.4 MIRACLES Expected Performance

Neutron optics calculations, using Monte Carlo simulations, have been performed to
calculate the performance, shown in Figure 40. The energy bandwidth can be tuned and
tailored using the chopper cascade. The figure shows the simulation results obtained when
tuning the beam prepared for a QENS Si(111) operation (i.e. clean pulses with neutron
wavelength centred at A = 6.27 A with a bandwidth of 1.5 A). Estimates of the neutron flux at
sample position for different configuration modes yield values ranging from 4x10” n st cm?
in the high-resolution mode (with the pulse-shaping chopper running at the maximum
speed, A(hw) = 2 peV at the elastic line) to 1.5x10° n s cm™ in the high-flux mode A(hw) =
45 peV at the elastic line, while keeping the full dynamic range of £500 peV).
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6. Summary

The ESS will provide a suite of world-leading instruments for use by the neutron user
community. Each of them is designed to provide breakthrough new scientific capability, not
currently available at existing facilities, building on the inherent strengths of the ESS long-
pulse neutron source of high flux, flexible resolution and large bandwidth, resulting in an
order-of-magnitude gain in performance averaged over the 15 instruments, compared to the
best-in-class instruments currently operating. This technical capability translates into a very
broad range of scientific capabilities. The 15 user instruments currently in construction are
chosen to maximise the breadth and depth of the scientific impact.

The instruments for large-scale structures cover SANS, reflectometry and macromolecular
crystallography. LoKl and SKADI are complementary SANS instruments, specializing in large
bandwidth and low Q, respectively. Estia and FREIA are reflectometers with very different
capabilities, optimised for small samples and magnetism, and kinetics of free liquid surfaces,
respectively. NMX is dedicated to neutron macromolecular crystallography, complementing
the vast array of x-ray protein crystallography instruments, with the ability of neutrons to
locate the hydrogen atoms relevant for the biological function of the macromolecules.

BEER is a diffractometer optimised for fast and flexible measurement of lattice strains and
residual strain in engineering components, while ODIN, a multipurpose imaging station will
provide an unparalleled combination of wavelength and spatial resolution, flux and
flexibility.

Powder diffraction is served by two instruments. DREAM is a wide-bandwidth
diffractometer, allowing a very flexible trade-off between flux and resolution, while
HEIMDAL is optimised for functional materials and in-situ chemistry with a multi-length-scale
design allowing for later installation of SANS and imaging options. MAGIC is a single-crystal
diffractometer for magnetism, covering both thermal and cold neutron applications.

The general-purpose chopper spectrometers CSPEC and T-REX offer complementary cold
and thermal neutron capabilities, with one favouring soft matter studies and the other
providing polarisation analysis for problems such as single-crystal magnetism. BIFROST is a
spectrometer optimised for the study of single-crystal excitations at high magnetic fields and
pressures. VESPA is dedicated to neutron vibrational spectroscopy with an emphasis on the
energy range of primary importance to the study of functional groups in energy materials,
while the highest energy resolution available at ESS will be provided by MIRACLES, a
backscattering spectrometer with a flexible resolution down to about 2 peV.

Further extension of the instrument suite to reach the full suite of 22 instruments will start
in the coming years, which will take the form of open calls for instrument proposals, to be
evaluated based on performance and scientific merit, similarly to the process employed for
selecting the current 15 instruments. A capability gap analysis [18] has identified particle
physics and high-resolution neutron spin-echo as the highest-priority instruments to add to
the suite.
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The ESS has been carefully designed to allow for extension and renewal of its instrument
suite. Each beamport allows views of both cold and thermal moderators, and the relatively
narrow beamport separation of 6°, combined with the large size of the experimental halls
permits future installation of many more instruments than 22. In addition, upgrade areas
outside the current experimental halls will allow for extension or construction of new
experimental halls, and the currently unoccupied lower-moderator position [2,3] is foreseen
for future moderator developments providing new, as yet unforeseen, capabilities. The
primary upgrade path to ESS beyond its 22-instrument suite, is the addition of more
instruments on its main target station.

ESS will not only provide world-class neutron science capabilities from the start of its user
programme, but its instrument suite and overall design will ensure it remains at the
forefront of the field for the lifetime of the facility.
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