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ABSTRACT

The instruments best suited for performing high energy resolution neutron spectroscopy are
spin-echo spectrometers and backscattering spectrometers. The development of these
experimental techniques dates back almost half a century, and most major neutron scattering
facilities operate mature spectrometers of one or both classes. Recent advances in
instrumentation and neutron sources are enhancing their performance and expanding their
capabilities, with the objective of enabling researchers to tackle new and more complex
problems. In this review, we assess the current state of the art in high energy resolution neutron
spectrometers, showcasing their role in the study of nanoscale dynamics in soft and biological
materials, as well as disordered magnets.
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High-Energy Resolution Neutron Spectroscopy: A tool for study of dynamics at the
nanoscale

The dynamic processes that occur on the nanoscale in many materials, ranging from proteins,
to quantum magnets, to catalysts, are critical to their functionality, and are often essential to
understanding their bulk properties. A wide range of characterisation tools can be used to
probe the complex set of dynamical modes that are found in materials, including dielectric
spectroscopy, muon spin spectroscopy (uUSR), nuclear magnetic resonance (NMR) or
Mossbauer spectroscopy. However, the scattering of quantum particles/radiation, such as
visible light, X-rays or neutrons, provides information on both the time and length scales of
motion. Among these probes, thermal and cold neutrons have the wavelengths and energies
associated with interatomic distances and excitation energies in matter, respectively, putting
neutron spectroscopy in a unique position to study the behaviour in materials on the nanometer
length scale and nanosecond timescale [1, 2]. In this review we focus on neutron spectroscopy
methods, specifically, high-energy resolution methods, which are used to probe dynamical
processes occurring around the nanosecond timescales (from picoseconds to hundreds of
nanoseconds). The term ‘high-energy resolution’ is a somewhat arbitrary term used by the
neutron scattering community, with no specific quantitative definition and sometimes used as
a vanity term. Generally, it refers to spectrometers that have an energy resolution in the pueV
range, specifically neutron spin echo (NSE) and backscattering (BS) spectrometers. Figure 1
shows the scope of such neutron spectrometers, in the context of the temporal and spatial scales
accessed by other more commonly used experimental techniques.
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Figure 1: Map showing time and length scales probed by different experimental
techniques. High energy resolution neutrons spectrometers (NSE-blue and BS-purple) cover
the nanometer and nanosecond range. It is important to note that they offer very
complementary information to what can be accessed currently with Molecular Dynamic
Simulations, especially important for the study of complex systems. The pink area covers
visible light techniques, including Raman, Brillouin, Speckle Visibility spectroscopy (SVS),
and Dynamic Light Scattering (DLS). Local probes are shown in grey bars. The boundaries of
the various techniques are not sharp as they partially depend on the characteristics of the
samples. Moreover, all techniques are continuously pushing their boundaries, in some cases
progressing rapidly, as in the case of X-ray Photon Correlation Spectroscopy (XPCS) with the
development of more coherent brighter sources and detector technology. In the y- and x-axis,
Energy = h/time and Q = 2n/length, hQ being the Momentum transfer. (hQ is momentum
transfer and Q is wavevector transfer, I got schooled by John Copley on this once and it stuck
in my mind... Georg could you modify the figure?)

Having no charge, neutrons are insensitive to the electron cloud of the atoms and are scattered
directly by the nuclei. The interaction potential between the neutron and the nucleus, quantified
as a scattering cross-section is isotope dependent, and for example there is a significant
difference between hydrogen (H) and its less-common isotope, deuterium (D). This makes
neutron scattering an indispensable tool in the study of time and space correlations in soft
matter and biological systems, rich in H-atoms. Subsequently, H/D substitution is commonly
used to control the source of the neutron scattering signal, to for example, make certain atoms,
molecular structures or system components invisible, without (to a first approximation)
affecting the sample chemistry. In addition, the neutron also has a spin, which couples to the
magnetic moments of a material through a dipolar interaction. This makes neutron scattering
an irreplaceable probe for magnetism.



Element (Isotope) Incoherent Coherent scattering Absorption cross-
scattering cross- cross-sections (10728 m?) | section (10728 m?)
sections (10728 m?)

Hydrogen 80.26 1.7568 0.3326

Deuterium 2.05 5.592 0.000519

Carbon 0.001 5.551 0.0035

Nitrogen 0.5 11.01 1.9

Oxygen 0.0008 4.232 0.00019

Aluminium 0.0082 1.495 0.231

Silicon 0.004 2.163 0.171

Vanadium 5.08 0.0184 5.08

Iron 0.4 11.22 2.56

Nickel 52 13.3 4.49

Cadmium 3.46 3.04 2520

Boron 1.7 3.54 767

Gadolinium 29.3 151 49,700

Table 1: Scattering cross-sections for common isotopes found in soft and hard condensed
matter systems, plus other materials relevant to neutron experiments (e.g. Sample
containers or neutron absorbers) [3]. Note that the total scattering cross-section is the sum
of the coherent and incoherent contributions, defined in the text. These in turn depend on the
bound coherent and incoherent scattering lengths, respectively.

The interaction between a neutron and a nucleus is described by the Fermi pseudopotential in
terms of a single parameter, the scattering length b, which ultimately determines the scattering
probability. The scattering potential of an atom depends on its nuclear spin which is usually
disordered. Therefore, one often encounters a random variation of the actual scattering lengths
of a specific atom, due the random population with different isotopes, and the randomness of
the nuclear spin direction. This allows nuclear neutron scattering to be separated into a so-
called coherent component (related to the average scattering length on a site) which provides
information on the relative position and motion of different atoms, and an incoherent
component (related to the random deviation from the average) that yields information on the
single particle dynamics of the atoms. Thus, the coherent and incoherent scattering lengths of
an atom are defined by the average of b over all isotopes and spin states and by its root mean
square deviation, respectively. The coherent and incoherent scattering cross are defined by 4n
times the square of the coherent and incoherent lengths, respectively.

Owing to the neutron spin, neutron beams can also be spin polarised, and the polarisation can
be manipulated by magnetic fields. This is made use of in the spin echo technique as will be
described later. Coherent scattering does not alter the spin of the neutron whereas incoherent
scattering (when originated by a distribution of nuclear magnetic moments as opposed to the
presence of various isotopes) has a 2/3 probability of flipping the neutron spin. As the
scattering of a neutron by a magnetic moment depends on the relative orientations of the



neutron spin, and the wavevector transfer, Q-vector, direction, controlling the beam
polarisation in an experiment offers another degree of freedom relevant for magnetic neutron
scattering.

The interaction of neutrons with matter is relatively weak such that neutrons can penetrate
through most materials, and rarely cause damage or changes to the sample under study (beam
heating is rarely an issue at mK temperature or higher). Furthermore, complex and bulky
sample environment equipment can surround the sample to enable measurements under a
variety of conditions, including under tension or shear, very low temperature (mK) or extreme
heat (<2000°C), high (GPa) pressure, or a combination of these. Unfortunately, neutron
scattering methods suffer from low available neutron beam flux and beams are not easily
focussed, so that experiments generally require large samples (mass 100’s mg to g). In
addition, a few isotopes are strong neutron absorbers which poses a problem if one of these
few elements is present in a sample (see table 1).

Neutron beams of significant flux are currently produced by one of two technologies: using
fission reactors or spallation sources. Once a free particle, a neutron passes a moderator
volume, which reduces or moderates their energy to that required by a specific instrument.
These mostly contains light atoms or molecules such as water or liquid hydrogen. The mean
energy of a neutron beam emanating from a room temperature water moderator is 25 meV
(wavelength 1.8 A), hence the designation “thermal” for neutrons having approximately this
energy. To probe slow dynamics, like those that will be described in detail here, typically
requires instead, “cold” neutrons of 3 meV (5 A or longer) obtained for example from a liquid
hydrogen moderator.

In a traditional neutron scattering experiment [4], the quantity measured is the double
differential scattering cross section,
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the probability that the neutron is scattered in the solid angle, dQ2, exchanging an energy, E = Eg
(hks)?  (hky)? . :
—E; = T T am, and a momentum, hQ = hk, — hk;, with the sample, m, being the neutron

mass and kg and k; being the wavevector of the scattered and incoming neutron respectively.

: . 2
In the energy range of usual high energy resolution neutron spectrometers, [k;| = [kg| = 5 and

4 .
Q=Q= Tnsine, which relates the exchanged wavevector to the neutron wavelength, A, and
scattering angle 26.

According to the well established van Hove picture [5], the dynamic structure factor S(Q.E) is
the time and space Fourier transform of the two-point correlation function between the atomic
positions in the sample,

SQE) = [ %, {bibexp{iQlri(®) — ri(0)}exp( —i7)dt (1)

where b; and r; are the neutron scattering length and position of atom i. A similar equation can
be written down for the magnetic scattering from unpaired electrons [2]. Equation (1)
demonstrates the inverse relation between Q and distances (or lengthscales) and between E and
time, implying that better energy resolution allows us to study slower dynamic processes.

If only spatial correlations are of interest, measurements are done on diffractometers, where no
energy analysis of the scattered neutrons is performed (essentially integrating S(Q,E) over



energy E). However, to probe dynamical modes in a sample a neutron spectrometer has to be
used that measures the energy transfer E.

In materials, motions can be broadly characterized as either (1) excitations that take place at a
defined energy transfer E (observed as a distinct peak intensity in S(Q,E)), where there is an
inherent restoring force, such as with periodic natural modes (phonons or magnons) or with
vibrational modes; or (2) as a relaxation where there is no restoring force and the inherent
dynamics are diffusive in nature. In the latter case the observed scattering signal appears as a
broadening of the so-called elastic line, referred to as quasi-elastic neutron scattering (QENS)
in the field. This is the main measurement associated with the instruments in this review. The
elastic line represents zero energy transfer, where ‘zero’ is the smallest energy transfer that can
be measured by the spectrometer and is also referred to as the instrument’s energy resolution.
The elastic line contains information of motions that are too slow to be measured. In general,
any spectrometer can be used to probe both types of dynamics; however, because of the typical
energy scales involved, vibrations are most commonly studied on instruments with energy
resolutions of the order of meVs, such as three-axis, direct geometry or vibrational neutron
spectrometers. Diffusional and transport processes that one finds in biological and liquid-based
systems, relaxations in polymers and colloidal systems, interface fluctuations in complex
fluids, and relaxation phenomena in glasses both structural and spin glasses as well as frustrated
magnets, all occur at slower timescales (tens of picoseconds to hundreds of nanoseconds). To
probe such dynamics, spectrometers with peV energy resolution (hige-energy resolution), like
backscattering and neutron spin-echo are needed.

In the following, we discuss, in turn, the basic principles of backscattering and neutron spin-
echo instruments, current status and recent advances in technology, and future directions for
their development. We then showcase the applicability of these techniques to study relaxations
at the nanoscale. However, the scientific questions that can be addressed by this technique go
well beyond these systems, and include, among others, diffusion in liquids, conduction in
energy-relevant and functional materials, and diffusion in solids such as catalysts. A broader
overview of the scientific opportunities offered by these techniques can be found elsewhere.
[6-9].



Neutron Spin-Echo Spectrometers

NSE spectrometers provide the highest energy resolution of all neutron spectroscopy
techniques. Of the currently operational instruments (see Table 2), IN15 at the Institute Laue
Langevin [10], offers the highest resolution of =1 neV. This means it can probe dynamical
processes with characteristic times of up to almost a ps, thus making it the ideal technique to
observe slow relaxations in polymers (such as reptation), dynamics such as bending and
fluctuations in soft colloidal systems or normal modes in proteins in solution. In hard matter,
it is used to probe spin glasses, critical magnetic fluctuations or emergent excitations in
quantum magnetisms.

In the NSE technique, the velocity changes experienced by the neutrons as they interact with
matter are determined by measuring the change in the Larmor precession of their spins in a
magnetic field (see Box 1). NSE spectrometers are commonly, and most efficiently employed,
to measure the motions of nanosized structures, such as polymers, proteins, and self-assembled
complexes; however, measurements on molecular liquids and solid materials are also
performed to investigate structural relaxations, the single particle dynamics of hydrogen atoms,
or spin dynamics.

Traditionally NSE spectrometers have been located at neutron research reactors (see Table 2)
and most are traditional Mezei type. The first NSE and the only Mezei type operating at a
pulsed source was built at the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory (ORNL) [14]. It was also the first to employ superconducting precession coils.
Currently, two new NSE are being developed at the pulsed source in the Material and Life
Science (MLF) Experimental Facility in J-PARC, Japan [18]. One of these is a modulated
intensity (MIEZE) instrument, which allows measurements on samples that cause a
depolarisation of the neutron beam, such as ferromagnets and superconductors (not easily
accomplished on classical Mezei-type instruments). A similar MIEZE option is available at
RESEDA at FRM-II, which also offers a novel longitudinal resonance spin echo option [17].

The most important area of technical development in NSE spectrometers concerns the design
of the precession coils and correction elements to improve the homogeneity of the field
integral. This is what ultimately determines the upper limit of the Fourier times that can be
probed. Modern precession coils come close to the theoretical limit of ~200 ppm [19] and
further reductions of the inhomogeneity, by a factor of /300, are achieved through state of the
art correction elements (“Pythagoras coils™) [19]. Recent upgrades of IN15 at ILL [20] have
produced a maximum field integral of 1.2 Tm, a factor of 4 larger than what was previously
available on that spectrometer. In combination with the high flux and long wavelength
available to IN15 Fourier times of =600 ns [10] can routinely be achieved, and it is even
possible, for favourable experimental conditions, to reach 1 ps. Similar performance has been
achieved with the superconducting precession coils for the J-NSE-Phoenix instrument at FRM-
II in Garching, Germany [13]. This instrument can reach 1.5 Tm maximum field integral and
preliminary results indicate a successful reduction of the field inhomogeneities by a factor 2.5
over a previous design. The J-NSE-Phoenix spectrometer can reach ~500 ns with 17 A
neutrons.’

Besides the resolution improvements, considerable effort has been made to also widen the
detection area of NSE instruments. Typical Mezei type instruments have a ~1000 cm? detector,
which covers a scattering angle of =5° (in comparison, in a typical backscattering spectrometer
more than 1 sr is covered with analyser crystal). This is appropriate when the signal of interest
is concentrated in a small region of the Q space, as for example a Small Angle Neutron
Scattering (SANS) pattern, but not when the neutron signal is spread uniformly over Q such as



is the case for the incoherent dynamics or in some cases for magnetic spin dynamics
(paramagnetic scattering). This has led to the development of a 30° wide detection option for
IN11 which has been very successful in spite of the consequent limitation of the attainable
Fourier time. Further development to reach detection coverage in the Q plane as high as 180°
using anti-Helmholtz coils were first employed on SPAN at the Hahn-Meitner Institute (HMI)
in Berlin, Germany [21], and eventually led to the construction of the WASP spectrometer at
ILL [12], which is currently under commissioning. On WASP, the detector coverage is 150°
(in the scattering plane) x 2.5° (vertically) and the maximum field integral is 0.27 Tm,
providing a maximum Fourier time of 10 ns at 6 A. Covering more than 3 orders of magnitude
in time, WASP is an extremely promising and novel tool for the investigation of slow dynamics
over a wide Q range.



Box 1: Basics of Neutron Spin Echo

The underlying principles of NSE utilize a polarized neutron beam to measure small
changes in the neutron velocity (1:10°) after interacting with the sample by observing
changes in the beam polarization. The basic physics of the technique are explained in
[11]. In a Mezei type neutron spin echo spectrometer, one uses Larmor precession in a
magnetic field, B, as a measure for the different times spent in equal fields on both sides
of the sample (before and after scattering). A m/2 flipper rotates the neutron spin from the
neutron velocity direction to the plane perpendicular to the precession field at the
beginning of the instrument to start the precession, and a second one causes the opposite
spin rotation to stop the precession, before the neutron spin is analysed. In resonance NSE,
the neutron velocity encoding into the spin is performed using radio frequency (RF)
flippers. At the present state of the art, resonance NSEs access shorter dynamic scales
than Mezei type NSEs and will not be discussed further here. In both cases, a  flipper is
used to flip the neutron spin around an axis perpendicular to the neutron velocity direction,
immediately before (or after) the sample, so that, if the scattering is purely elastic and no
change of the velocity occurs, neutrons acquire no net precession phase; at the end of their
path through the second arm of the spectrometer, one recovers the full beam polarization
at the spin analyser. This is true irrespective of the neutron starting velocity. If a velocity
change does occur at the sample, the precession angles in the primary and secondary flight
paths will differ and a loss in polarization will be observed at the detector. This loss is
proportional to the cosine of the difference of the precession phases, which, in turn, is
proportional to the exchanged energy.

Given the velocity spread of the incident beam, one observes a sinusoidal oscillation of
intensity as one tries to match the precession fields. The central point of the resulting
envelope is the echo point and its amplitude is proportional to the cosine Fourier transform
of the scattering function S(Q,E) which is measured in traditional neutron scattering
spectrometers. This is the intermediate scattering function (ISF), I(Q,t). Data are
normalized to the result of a polarized diffraction measurement (a static measurement, with
no energy analysis, corresponding to [S(Q,E)dE=I(Q,t=0)) to give [(Q.,t)/I(Q.0). As the
measurements is directly performed in the time domain, the instrumental resolution can
easily be removed in the data analysis by simply dividing by an equivalent dataset obtained
with a static reference sample. In an NSE experiment the Fourier time, 7, is controlled by
the strength of the precession field (the field integral J=[Bdl along the flight path). The
Fourier time is also proportional to the third power of the average incoming wavelength.
Using longer wavelength allows one to study longer times but at the expense of a significant
reduction in available neutron flux; and of course, the choice of wavelength also affects the
available Q range. Ultimately, the energy resolution is set by the highest magnetic field
achievable with sufficient homogeneity and the longest neutron wavelength, and not by the
degree to which the neutron beam is monochromatic [11]. Current spectrometers achieve a
relative energy resolution of the order of 10 utilizing a broad incoming wavelength band
(AMA between 10% and 20%) to recover lost beam intensity from beam polarization and the
long flight paths, as well as to compensate for the relatively small size of the solid angle

Name Facility Type Qrange (A1) | Max tg (ns)
IN15010 ILL MEZEI + ToF Low-Q, long 0.001 1000
option times
IN11 ILL MEZEI General 0.02 to 2.7 50

10




WASPI2) ILL M}fezlilhzvﬁtzhc‘zﬁn Wide angle 0.03 o 3 50
J-NSE-Phoenix!!] FRM-II MEZEI General 0.01to 1.7 500
NSE[4] SNS-ORNL ToF MEZEI General 0.03to 4 100
CHRNS-NSE!!] NCNR MEZEI General 0.02to 1.7 100
MUSESL!®] LLB Resonance High Q 0.03t02.9 22
RESEDAI! FRM-II Resonance mI:giﬁlgtiQsm <25 20
iINSE JRR-3 MEZEI General 0.03t0 2.8 50
VINROSEI!#! J-PARC MIEZE mgg; tgm Commissioning
VINROSEI!#! J-PARC Resonance High Q Commissioning

Table 2: General characteristics of neutron spin-echo spectrometers available for use
worldwide. The accessible Q range and maximum Fourier time (Max t¢) depend critically on
the incident beam conditions. ToF: time-of-flight which refers to method used in spallation
sources; MIEZE: Modulation of Intensity with zero effort.

Polarizer| Monitor Flipper | Main Cail

Sample Position

Source Ohopper\ Selector

Analyzer &
Detector

Flipper Main Coil | Flipper

Figure 2: Schematic of the main components found in Neutron Spin Echo spectrometers.
Most components are common to all NSE instruments, but depending on the neutron source, the
incoming neutron wavelength band will be defined by a set of choppers at a pulsed source, or a

neutron velocity selector at a reactor source (both are shown here but will not be used in
conjunction in a real spectrometer).

Would be nice to make more artistic so this is not recognised as an existing spectrometer
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Backscattering Spectrometers

Indirect-geometry or backscattering spectrometers (BS) [9] have a slightly coarser energy
resolution that NSE spectrometers, achieving in the order of peVs, and in contrast, use
unpolarised neutron beams. The science accessed by these machines is complementary, but
with an upper limit of around 10 ns in timescale. Thus, it is ideal to probe relaxations in glass
forming systems (such as alpha and beta relaxations), dynamic signatures of phase transitions,
molecular reorientations and even rotational tunnelling, diffusion in bulk liquids and in
confinements, as well as diffusion in proteins. In general, these instruments are most
commonly used to measure the incoherent scattering signal from hydrogenated material to
determine the single particle dynamics of the hydrogen atoms in the sample.

Neutron backscattering spectrometers use crystals in perfect (or near-perfect) backscattering
geometry, (Bragg angle of 90°), to analyse the scattered neutron energy. Figure 3 shows the
main components of a BS spectrometer and Table 3 highlights the current BS instruments and
their characteristics.

Box 2: Basics of Backscattering spectrometers

Inverted geometry spectrometers fix the energy of detected scattered neutrons using Bragg
reflection from an energy analyser crystal. The scattering intensity as a function of E is
determined by scanning the energy of the incoming neutrons. BS spectrometers work on the
principle of using analysers at a Bragg angle of 90°. This condition comes straight from
differentiation of Bragg’s Law, from A=2dsinfone obtains AE/2E=ANMA=Ad/d + ctgOA b, such
that at the exact backscattering condition, the only contribution to the energy resolution is
Ad/d. Under this condition the wavelength band AA becomes very narrow as it only depends
on the crystal properties (such as lattice strain and extinction terms) but not on the beam
divergence. Changing the crystal type therefore changes the energy resolution.

Most BS spectrometers at reactor sources use Si-111 and have similar design characteristics
and modes of operation. At reactor sources, they all have the same Q-coverage (from ~0.2 A-!
to 1.8 A-1) and most use a Doppler drive monochromator to shift the incoming monochromatic
neutron wavelength to provide a similar dynamic range of around £30 peV, covering only 1
order of magnitude in timescale. Since the resolution is dependent on the properties of the
chosen combination of monochromator/analyser crystals, different Ad/d can be used to
modify the energy resolution and the dynamic range (in addition to the Q-range). An
alternative to a Doppler drive is to scan the incident neutron energy by thermal expansion of
the crystals in a cryofurnace (as is done on IN13 at ILL).

BS spectrometers at pulsed sources use the same underlying principle, but the freedom to
select an incoming wavelength by neutron time-of-flight (a series of choppers) expands the
dynamic range. The resolution now depends not only on the crystal properties and the
analyser Bragg angle, but also on the contributions from the primary spectrometer (timing
and flight path uncertainties), in this case AE=(AE,?>+ AE?)"2. A well-designed spectrometer
matches the characteristics of the primary and secondary parts. In practice this usually means
coarsening the high resolution of the secondary spectrometer to avoid reductions in dynamic
range or intensity. Thus they are typically built in near-backscattering condition, for example,
the analyser Bragg angle is 88° at BASIS [22] and 87.5° at IRIS [23]. These machines have
slightly coarser energy resolution, but a significantly larger dynamic range (on the order of
100s peV) providing access to =3 orders of magnitude in relaxation times.
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Name Facility Crystals Re(s:él\l;;on Dyna(rilli:cvf){ange Q(rAa_tllgge
IN16B24 ILL | Si-111 polished ~0.3 +3] 0.1-18
IN16B24 ILL Si-111 strained | ~0.75 +3] 0.1-18
IN16B24 ILL Si-311 strained ~2.0 +59 0.7-3.5

IN13025) ILL CaF,-422 ~8.0 +200 02-49

SPHERES [26] FRM-II | Si-111 strained |  ~0.65 +3] 02-18
EMUL ANSTO | Si-111 strained ~0.9 +3) 0.01-2
HFBS2) NCNR | Si-111 strained ~0.9 +35 02-138
BASISE! ggI\SIL Si-111 35 + 102 02-2.0
BASISE?! SEI\SIL Si-311 15 + 103 04-38

IRISZ) ISIS PG-002 175 +5510° 0.44—1.85

IRIS) ISIS PG-004 54.5 +35-10° 0.89—3.71

IRTS3) ISIS fMica-002 1.2 +2.10! 0.12—0.62

IRIS3) ISIS mMica-004 45 +2.10? 0.24— 124
OSIRIS) ISIS PG-002 245 + 6107 0.18— 1.8
OSIRIS™) ISIS PG-004 100 +35:10° 037-3.6

DNALS! J-PARC Si-111 24 + 107 0.08-1.98

DNAL'S] J-PARC | Si-311 (in plan) 7.6 + 107 1.04-3.79

Table 3: General characteristics of existing backscattering spectrometers available for use
worldwide. Multiple entries for machines that offer significantly different configurations.

The ‘traditional” BS spectrometers are based on ‘strained’ Si-111 crystals (Bragg condition
satisfied at 1, =6.27 A), offering an energy resolution of the order of ~1 peV. Currently, the
highest resolution BS spectrometer in operation is IN16B at the ILL, which has =0.3 peV
resolution using ‘polished’ Si-111 crystals [24], but since it suffers from an order of magnitude
loss in intensity, the most commonly used set-up uses ‘strained’ crystals and gives =0.75 peV

14



energy resolution. IN16B also has the option of using strained Si-311 crystals that effectively
doubles the width of the resolution and the dynamic range with only a slight reduction in
intensity but increases the maximum accessible Q from 1.8 A-! to 3.8 A-!.This is of importance
when fitting the data to obtain information of the geometry of the motions being probed. An
even larger Q-range is obtained using CaF,-422 crystals to analyse 2.23 A neutrons as on the
IN13 instrument [25], which provides an unparalleled extended Q-range of 0.2 A1 to 4.9 A1,

Source Chopper  |Selector Monitor Si—(lll) Array Sample Position

Doppler
Meonochromator
& Drive PST Chopper

Detector Array Shielding

Figure 3: Schematic of the main components found in backscattering spectrometers.
Depending on the neutron source, the incoming neutron wavelength band will be defined by
a set of choppers at a pulsed source, or a neutron velocity selector and a Doppler
monochromator at a reactor source (both are shown but will not be used in conjunction). The
Phase Space Transformation (PST) Chopper is used in reactor backscattering instruments to
modify the distribution of the incoming neutron momentum to match the resolution of the
primary and secondary spectrometer, with a significant increase of the flux on the sample.

Would be nice to make more artistic so this is not recognised as an existing spectrometer

but with a coarser energy resolution of =8 peV.

BASIS [12] and DNA (MLF, J-PARC) [18] are the newest additions to the worldwide suite of
Si-111 based BS spectrometers, but are at spallation sources. Previously, only BS instruments
based on pyrolytic graphite were available, IRIS [23] and OSIRIS [29] at the ISIS Neutron and
Muon Facility, UK, which due to a combination of primary and secondary spectrometer design
characteristics are limited to a coarser resolution of 20 peV (but offer a larger dynamic range
and more intensity). To improve the resolution, BASIS increased the length of the primary
flight path (84 m) and DNA has innovated adding a pulse-shaping chopper.

More recently, IN16B has realized the so-called BATS option [30], which keeps the Si-111
analyser and adds a time-of-flight option to extends the energy window to £340 peV with only
a slight coarsening of the resolution to 1.2 peV. This is a highly innovative upgrade which
required recent technological progress in chopper disk construction, adds much flexibility to
the operation of the instrument and has opened access to address new scientific challenges (for
example, more complex systems with dynamics that span many decades).
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Dynamics in soft materials and biological systems

As already mentioned, high energy resolution neutron spectrometers provide unique
information relevant to understanding the dynamics in soft matter and biophysics research, for
example in addressing structure-dynamics-function relationships in proteins, transport
processes in membranes (biological or polymeric), or in the design of new polymeric materials
with controlled, tuneable and useful (that is, smart) properties. As most biological and soft
matter materials are rich in hydrogen, isotopic substitution (primarily between hydrogen and
deuterium) is a powerful way to study the dynamics of a specific part of a molecule or a
component in a multi-component system[5,10,31,32]. Furthermore, separation of the neutron-
sample interaction into coherent and incoherent scattering provides additional information
about structurally-relevant dynamics and cooperative motions. Measurements on BS and NSE
are ideally suited to probe many of the dynamical modes and relaxation processes that take
place in soft materials and biological molecules, from the very local and fast rotations or
vibrations that are essential precursors to slower and larger scale chain dynamics or diffusional
processes that ultimately determine macroscopic behaviour.

Polymer relaxations have been studied with high-resolution neutron spectroscopy for a very
long time [5,33,34], resulting in a well-established relaxation map for, at least, linear
homopolymers. Recently, the interest in more complex polymer-based systems, such as
polymer electrolytes [35], polymers of complex architectures (e. g., dendrimers [36]), mixtures
of two or more polymers (blends [37]) or mixtures with hard [38-40] or soft [41,42]
components (nanocomposites), associating polymers [43], is driven primarily by applications.
In these systems the underlying molecular dynamics and its relationship with the macroscopic,
that is, rheological behaviour, is still not fully understood. These more complex and novel
systems expose fundamental features of scientific interest such as surface, confinement, and
nano-structuring effects [44]. In polymer nanocomposites (PNCs) for example, high energy
resolution neutron spectroscopy measurements have shown that the dynamics of polymer
chains at the surface of nanoparticles with attractive polymer interactions, is not frozen,
although their translational dynamics is suppressed and the Rouse dynamics altered [39], in
agreement with results from confined polymer chains [44,45]. The existence of two competing
effects on the polymer’s reptation tubes in PNCs [38], one dilating from chain disentanglement
and the other reducing from geometrical confinement, have been highlighted, the latter
contribution being dominant above volume fractions of ~35% [46]. As revealed by NSE
measurements, the dilation of the reptation tube can explain the anomalous softening of some
PNCs. This can originate, for example, from the disentangling of different glass transition (Tg)
polymer chains in nanocomposites with dynamically asymmetric polymers [40, 42]; here
dynamical asymmetry refers to the interplay between a high Tg polymer like
Poly(MethylMethacrylate) (PMMA) and a low Tg polymer like Poly(Ethylene Oxide) (PEO)).
A similar dilation of the reptation tube has also been observed as in athermal nanocomposites
(Fig. 4), when the size of the nanoparticles is smaller than the entanglement mesh sizes [47].

Proteins are multiscale entities and their dynamics take place over several decades in time and
length, and high-resolution neutron spectroscopy provides important information at the atomic
and molecular level. Over the dngstrom length scale at times shorter than the nanosecond and
following the seminal work of Doster and co-workers [48], much of the work has been devoted
to investigating the so-called dynamical transition (T,) in protein powders, its relationship with
the dynamics of the solvent, and its connection to the onset of protein function. Even today
there are still publications on this subject [49]. Studies have mainly focussed on probing the
onset of anharmonic motions and its relation to the onset of biological activity, on simple
globular and model proteins. However, researchers are successfully extending their
investigations with, especially BS spectrometers, to more ‘realistic’ and ‘biologically relevant’
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systems studying complex structures such as cancer cells [50] or neural tissues [51]. Moreover,
samples are exposed to external parameters (pressure, temperature, salt concentration)
shedding light into biological adaptation to extreme environments [52]; in fact, the adaptive
properties of extremophiles still remain quite mysterious but neutron spectroscopy has found
(a) reduced internal dynamics at high pressure, especially above Ty, resulting from a
roughening of the energy landscape [53], (b) stabilising effects on the H-bonding network of
high salt concentrations in halophiles without penetration into the biomass [54], and (c) an
entropically-driven argument to the increased flexibility in the folded state of thermophiles as
compared to their mesophilic counterpart [55].
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Figure 4: Dynamic structure factor of neat Poly(Ethylene Oxide) with and without Au
nanoparticles adapted from Ref. [47]. Dynamic structure factor of neat PEO (filled symbols)
and PEO nanocomposites with Au nanoparticles (NP) of 3.5 nm and 20.2 nm (open symbols) at
T =400 K showing (a) identical initial Rouse decays at short times and (b) identical long-time
plateau for large NP composite and (c) reptation tube dilation of small NP composite. The lines
in a) are the Rouse model predictions [56] the lines in b) and c) are the global fit results from de
Gennes equation [57] using the elementary Rouse rate reported in [56].

At longer length scales, large domain protein motions are fundamental for the functioning of
proteins as biological machines, allowing molecular groups to reach the required proximity or
for co-enzyme to access the catalytic site. Knowledge of these dynamics could be crucial for
the efficient rational design of novel drugs. NSE with its nanoscale space-time sensitivity and
the possibility to probe, through the coherent neutron signal, the conformational dynamics of
the proteins, i.e. the relative motion of one domain to the other [58], provides unique
experimental information. These works have highlighted how these motions are overdamped
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(relaxational) movements and can often be described in terms of normal modes. Information
on the friction experienced by the domains and/or the elastic constant [59] of the flexible linker
can be obtained. The NSE measurements can also be performed on intrinsically disordered
[60] or denaturated proteins [61] showing how polymer like models might or might not apply.
Recent review articles overviewing the methods and recent results have been published [62,63].
Despite the relevance of these studies, however, access to protein domain motions with NSE
is limited by a number of practical difficulties; the size of the protein and its domain need to
be such to provide sufficient signal; a relatively large amount of protein is required; the analysis
of the data to disentangle the conformational dynamics from other processes such as diffusion
and rotation, as well as inter-particle interactions, is often complex, so that the use of reliable
molecular dynamics simulations [64] is sometimes required. In fact, the combination with data
from BS experiments can offer some help if, for example, it is used for perdeuterated proteins,
as it reduces the signal from the global motion of the protein molecules, thereby allowing a
clearer characterisation of the collective internal dynamics. Collective motions in the 100 ps
timescale and spanning several nanometres, provide pathways for the larger-scale domain
motions accessible with NSE [65] and agree with simulations. Another example is the work
of Fujiwara et al [66] which suggests, after careful analysis of picosecond dynamics of human
deoxy-haemoglobin (Hb) and CO-bound Hb in solution, that although the deoxy-Hb performed
simple translation and rotation rigid body movements, the CO-form involves additional large-
scale motions resulting from the ligation state of the heme group.

Over the interparticle length scale, the mass transport of the proteins themselves is the most
relevant process. Diffusion of proteins in solution is most commonly measured with dynamic
light scattering [67], but high resolution neutron spectroscopy provides a measure [68] of the
short time diffusion coefficient of the protein inside the first neighbour shell, even in systems
of high concentrations, i.e. ‘crowded’ [69]. This enables a description based on theories and
methods borrowed from the colloid community, and have led to the discovery of dynamic
clusters of proteins [68,70,71]. Such structuring of the protein is not long lived though, as
small fluctuations can break this organization. Besides the fundamental value of the research,
this line of work has important implications for the pharmaceutical industry because, although
short lived, the clusters affect the solution viscosity [72], an important parameter for the
administration of therapeutic proteins such as monoclonal antibodies [73].

Another area of relevance for NSE and BS is the investigation of the dynamics of lipid systems.
Although much of the neutron scattering work in these samples is structural, high energy
resolution neutron spectroscopy has played an important role in characterizing both simple
model membranes and ones with biologically relevant bio-entities. Understanding the
microscopic dynamics in the complex mixture of lipids that constitute biological membranes
could be the key to many of the cellular processes that are regulated by lipid-lipid, lipid-protein
or protein interactions. At an individual level, localised motions of lipid chains and self-
diffusion of lipid molecules throughout the hydrated environment, which are accessible with
BS, allow a detailed atomic level description of different lipids and reveal fundamental effects
that contribute to the phase behaviour. In a simple case, a comparison of saturated and
unsaturated lipids shows that double bonds restrict the mobility of the chains and may explain
the lower bending and compressibility moduli in unsaturated membranes [74]. Increasing in
complexity, lipid membranes can undergo a variety of, and sometimes significant, changes,
when small molecules or peptides are present, some of which are of physiological importance.
Examples include antimicrobial peptides [75], neurotoxic amyloid-B,36 melittin [76], the
anaesthetic ethanol [77], or even cholesterol under pressure [78]. Furthermore, a new insight
into the role of rafts was obtained through measurements by NSE of the lateral diffusion
coefficients in a phase separated lipid mixture. In agreement with structural and dynamical
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data from MD simulations, the measurements indicate that rafts function as buffers of
membrane properties, and that complex lipid compositions in response to changing external
parameters (such as temperature) may in fact provide an advantageous stabilizing effect [79].

At the level of the collective dynamics of lipid membranes, which determine the elastic
properties and play a fundamental role in processes such as endo- and exocytosis as well as
cell fission and fusion, measurements on large unilamellar vesicles (LUV) of phospholipids
represent a simple but valuable model. Often, modelling is based on the Helfrich expression
of the bending Hamiltonian [80], which was employed by Zilman and Granek to derive an
expression of the intermediate scattering function able to well describe the NSE experimental
data [81]. Recent advances in the theoretical understanding of how the bending energy is
dispersed through the intermonolayer friction [82] has led to a better interpretation of the results
from NSE on the bending modulus of the phospholipid bilayer, resolving previous
disagreements with the results from other techniques. Moreover, it was also recently shown
that the thickness fluctuations (peristaltic motion) of the membrane can be directly accessed by
NSE [83]. This motion can be related to the elastic and viscous properties of the membranes
[84]. Thus, these theoretical and experimental efforts have led to a unifying picture which
allows to extract the main elastic and viscous parameters of the membrane through NSE
measurements [85]. These kind of neutron studies have been employed to investigate the effect
of different elements in the membrane, as for example various lipids [86-89], cholesterol [90],
drugs [91], proteins [92-94], and nanoparticles [95-96] and are complementary to the BS
characterisations.

More ‘realistic’ biological systems, which are far from the simple dilute solution limit, are
often multi-component and require the collection of multiple data sets from a variety of
techniques, including QENS. Diffusion processes in real cellular environments which are
characteristically crowded, can reveal how nature has optimized the protein content for
optimum oxygen transport in red blood cells [97], or simply provide information about the
multi-scale nature of the diffusion processes taking place in such concentrated systems [98,99].
The latter study showcased the idea of so-called “in-cell neutron scattering”, i.e. on living cells,
and was followed by very recent work on living planarian flatworms [100] whose metabolism
relies on molecular diffusion through the body. Measurable microscopic diffusivities were
surprisingly well defined in such a complex system. Of more importance to human health, BS
data have revealed intra-cellular water as a secondary target in the interaction of the drug
cisplatin on live human nucleated cells of invasive breast carcinoma, and has provided a new
and innovative way to tackle drug’s pharmacodynamics that could improve the development
of anticancer agents for breast and bone cancers [50,157]. BS has also proven to be a
complementary tool to overcome the experimental limit of diffusion magnetic resonance
imaging, used to diagnose different brain diseases, by extracting information about the
heterogeneity and asymmetries in brain tissue from water diffusion dynamics [51]. Finally,
similar methods to those mentioned previously for NSE on LUVs, have been used to
investigate the elastic properties in living cell membranes [101].

It 1s important to remark here that given the complexity (multi-component and hierarchical
nature) of many biological and soft matter systems, valuable insights require the combined use
of different scattering techniques and spectrometers, often including neutrons, X-rays, and
light, covering different areas of the space-time map (see figure 1) as well as other
measurements and the employment of computer simulations.
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Dynamics in Disordered Magnets

As one cools a common magnet, one expects to observe long-range, static magnetic order
(often ferro- or antiferromagnetic) below a critical temperature. The Curie-Weiss temperature
is a classical mean-field parameter, which is indicative of the magnetic coupling within the
material and provides an estimate of the freezing temperature. In these textbook magnets,
investigations with traditional inelastic neutron scattering, such as three-axis spectrometers,
working in energy space are making significant contributions to understanding the microscopic
dynamics. BS spectrometers are routinely utilized in the study of these magnets when low
energy excitations or small gaps are expected, taking advantage of the extreme resolution of
the spectrometer [102]. However, for studies of more exotic magnets, like those with quantum
fluctuations or low dimensionality, high resolution neutron spectroscopy is needed to
simultaneously access the spatial and temporal correlations on the low peV to meV range. Spin
glasses, frustrated magnets and spin liquids, all exhibit slow spin relaxation phenomena and
require a detailed measure of spectral weight below 1 meV. Within this short review, we will
focus on the impact of BS and NSE studies on geometrically frustrated magnets [103], but it
should be noted that magnetism has benefited from measurements using these instruments
studies in many other areas of research including spin glasses [104] and unconventional
superconductors [105].

In a geometrically frustrated magnet, the spatial connections between magnetic ions are such
that not all near neighbour exchange bonds can be satisfied simultaneously [106-112]. An
intuitive example would be that of an Ising antiferromagnet on a triangular or Kagome lattice,
like that shown in figure 5. A near two-dimensional spin arrangement like this is realized in a
number of materials and structure types, such as delafossite [109] or herbertsmithite [110].
Three-dimensional examples for lattices that invite geometrical frustration are the pyrochlore
[111] (bottom left figure 5) and garnet lattices [112].
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Figure 5: Slow spin dynamics in disordered magnets. Top left, the quasi-elastic broadening
observed in La-diluted spin ice on a backscattering spectrometer[107]. Here the frustrated
moments decorate a sublattice of corner sharing tetrahedral (bottom left). Using a series of probes
including backscattering and neutron spin echo, Nambu et al., [108] probed the spin dynamics of
an antiferromagnetic triangular lattice (top right). Over 12 decades of relaxation time were probed
(bottom right) allowing the authors to draw significant conclusions from this unique spin system.
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One of the consequences of geometrical frustration is that these materials often have a high
density of low energy states, making them susceptible to low energy (slow) fluctuations. In
extreme cases, this macroscopic degeneracy of the ground state suppresses the expected
ordering down to the lowest temperatures. Experimentally it is observed that the material may
still enter a long-range ordered state albeit at a much lower temperature [113]. Alternatively,
a material may freeze into a spin glass state, as for example Y,Mo0,0; [114], or the spin system
may stay dynamic down to the lowest temperature that is experimentally accessible and form
a “spin liquid” [115,116].

To date it is near impossible to predict, from first principles alone, what happens to the spin
ensemble of a frustrated magnet on cooling. Fine details of the materials specific chemistry
may become important, such as site disorder or off-stoichiometry composition. This can occur
even at a level of one percent or less which is hard to quantify by measurement. A case in
point is Yb,Ti1,07, a pyrochlore magnet very close to a ferro-antiferromagnetic phase boundary.
Initial results, including high-resolution neutron scattering measurements, suggested the
system was dynamic to 50 mK[117-119], but it was later shown that it can also freeze
depending on minute chemical and crystallographic differences [120-121].

The spin ices [122] and related ferromagnetically frustrated magnets, have illustrated the value
of QENS for uncovering the key physics. The dynamical processes in these materials cover a
wide dynamic range and become very slow at low temperature [123-126] making it near
impossible to cool a crystal of spin ice below ~0.3 K as the relaxation times diverge and heat
flow becomes increasingly slow [127].

The low temperature neutron scattering signal of a classical spin ice features “pinch points” in
reciprocal space, for example at the (002) and (111) positions [128]. They result directly from
long-range dipolar interaction, and are nowadays interpreted in terms of a “Coulomb” phase.
The dynamic dimension of this scattering was revealed by NSE [123]. According to the
experiment, the relaxational spin dynamics above 5 K has four defining characteristics: (1) it
is unusually slow, (2) only one time scale exists in the entire spin ensemble, (3) the dynamics
is independent of Q, and (4) it is thermally activated with a characteristic relaxation time of T =
7o+ e ®T, with 7o~4.5 x 10 12 s and an activation temperature T = 293 K for Ho,Ti,O.
Clancy et al. [125] reproduced these results using a BS spectrometer, although the analysis was
significantly more difficult due to the signal being close to the spectrometer’s resolution. This
picture survives well above room temperature, more than two orders of magnitude above the
spin ice or Coulomb phase, showing that spin ice is not at all a typical paramagnet even at room
temperature. Cooling below 5K, BS results and measurement of the dynamic susceptibility
observed a crossover in the relaxation rates where the activation temperature decreases to
~10' K. This crossover was first observed by Snyder et al. [124] and described as a mystery.
More recently Ludovic and Holdsworth [128] have modelled this low temperature region as
the relaxation phenomena associated with monopole creation, annihilation and propagation that
cost a few Kelvin of energy.

In a related material, Nd,Zr,0 [129], high resolution inelastic scattering was needed to identify
the various components of the scattering signal and a “moment fragmentation” model was
introduced [130] to describe the coexistence of magnetic Bragg scattering and diffuse
scattering.

Two local probes that are uniquely sensitive to slow magnetic fluctuations are muon
spectroscopy (LSR) and Mdssbauer spectroscopy, and these are often presented alongside data
from high energy resolution neutron spectroscopy. Local probes do not offer a spatial
dimension to the relaxational dynamics, but these techniques have their respective unique
merits (UWSR is sensitive to very slow low-amplitude fluctuations, while Mossbauer

22



spectroscopy is element-specific). Mdssbauer spectroscopy on geometrically frustrated
magnets is very sparse in the literature, however unusually slow spin dynamics were observed
in some pyrochlores [118,131]. On the other hand, a significant body of work has beed carried
out on spin ices by uSR [131-134], but the interpretation of the data has often contradicted
other techniques or has been controversial within the muon community.

Jamming and glassiness is observed in a wide variety of systems including granular media,
colloidal suspensions, molecular systems and magnets. These exhibit non-equilibrium
transitions from a fluid like to a solid-like state. Jamming of particles or spins, in local mimima
of an exotic energy landscape, precludes further exploration of the phase space [135,136] but
the characteristic, sudden arrest of their dynamics, are readily probed by NSE and BS
[137,138]. Glass transition, gelation, and aggregation are all closely related and only the wide
coverage of Q and E space provided by these neutron techniques helps distinguish such
dynamics [139]. Other probes like dynamic light scattering and photon correlation
spectroscopy offer complementarity to the results from neutron spectroscopy in these areas of
science.

Finally, other studies of magnetism that have benefit form quasielastic studies include vortex
dynamics in type two superconductors, dynamics of large topological structures like skyrmions
and unconventional intermetallic materials [105,140-142]. Extraordinary studies like these,
have been performed on magnetic systems, but the experiments are not routine and models to
interpret such data are limited.
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Summary and Outlook

The backscattering and NSE techniques uniquely provide spatial and temporal information on
molecular and spin dynamics taking place in a space time range from ~1 A up to tens of nm
and from tens of picoseconds to hundreds of nanoseconds. Backscattering and NSE
spectrometers have unique strengths, such as the simultaneous access to the time and space
domains, the sensitivity to isotopes (in particular, the contrast between hydrogen and
deuterium), and the ability to study a material at extreme conditions of temperature. Here we
have highlighted research in polymers, biomolecules, and disordered magnets, however-the
study of the dynamics within liquids, the molecular motions in nanoscopic confinement or on
surfaces, as well as diffusion of hydrogen in solid state materials, are also fields in which high
energy resolution neutron spectroscopy techniques can provide relevant information [143,144].
Moreover, QENS can give quantitative insights into atomic-scale proton [145] and ionic
conduction mechanisms in ionic liquids or solid electrolytes [146-148]. These instruments also
have a role in the optimization of the thermodynamic stability, kinetics and reversibility of
hydrogen storage in solid-state materials [ 149] and the dynamics of ions and molecules in green
energy materials such as polymer-based batteries [150].

Although this review focuses on relaxational dynamics, high resolution spectrometers can also
probe truly inelastic features within the dynamic range of the spectrometer. These can include
the tunnelling of methyl groups in soft matter [151], quantum tunnelling in molecules [152]
and low-lying electronic spin excitations [153] however, it would be remiss of us not to
mention studies of the nuclear spin [154-156]. With energy transfers less than 100 peV and
very weak signals, these studies are still time-consuming and are only possible on the
backscattering spectrometers. However, future spectrometers will reduce the time required
and/or an increase in the number of instruments that can probe such excitations will open up
the possibility to study these quantum effects with applications in, for example, quantum
computing.

The intensity of the beams of cold neutrons (< 5meV) required for backscattering and NSE
studies is increasing with the development of better sources and neutron transport systems.
Modern instrumentation is continuously expanding the region of the space-time map covered
by these spectrometers as well as improving the data acquisition rate. These developments,
together with those of the ancillary sample environment, are allowing these techniques to be
utilized by an ever-broader user community in various and diverse research fields and provide
complementary information on the relaxation processes (motions) to that available through
other techniques like; dielectric spectroscopy, nuclear magnetic resonance, muon spin
relaxation, photon correlation spectroscopy and tracer diffusion measurements.

A significant breakthrough in backscattering instrumentation is the development of GaAs-200
analyser crystals. At present, these enable an energy resolution of 77neV, a factor of 10
improvement, but still far from the theoretical limit of 13.2neV. Current developments aim for
improving the Q-resolution of BS spectrometers, widening the accessible energy transfer range
(i.e. probing dynamics over a wider range of timescales), and to deploy modern beam
polarization techniques at these instruments. The latter will new capabilities to quasi-elastic
neutron spectroscopy in general, by providing a clean separation of coherent and incoherent
scattering, enabling to isolate weak magnetic signals or allowing access to the directional
components of a sample’s magnetisation. The newest BS spectrometer, MIRACLES, will be
built at the European Spallation Source, Sweden. This spectrometer will give researchers
greater flexibility in choosing between flux and resolution while also extending the dynamic
range of BS spectrometers.
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Recent developments at IN15 and J-NSE-Phoenix have increased the uniformity and
magnitude of the precession fields, improving the resolution to beyond 1 neV. In parallel the
development of WASP aims for mitigating the severe limitation in the data acquisition rate of
the technique by covering more of the Q space simultaneously. Furthermore, the development
and implementation of resonant spin echo methods will also enable applications currently out
of reach where samples depolarize the beam.

High energy resolution neutron spectroscopy studies play a unique role in understanding the
dynamics of proteins and hydration water, of lipid membranes and self-assembled amphiphilic
structures. There is a huge potential in the latter, probing both the internal dynamics of the
lipids and the diffusion rates, which will develop on from recent NSE work on the elastic and
viscous properties of model membranes. QENS studies of hard matter would benefit
tremendously from tools to handle single crystal samples. Progress in this area will enable
studies of anisotropic interactions, exotic magnetic phases such as skyrmions and quantum spin
liquid, and low dimensional features like stripe phases.

This Technical Review provides a glimpse of the future potential of NSE and backscattering
spectrometers. In parallel with other methods like X-ray photon correlation spectroscopy and
molecular dynamic simulations, these high-resolution neutron spectroscopic techniques will
reveal new scientific phenomena. We hope this review provides readers with understanding of
the potential of quasielastic neutron studies in their research.
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Glossary

Fission -- a nuclear reaction in which a massive nucleus splits into smaller nuclei with the
simultaneous release of energy, neutrons and other poducts

Spallation — High energy particles bombard a material causing a nuclear reaction and
ejection of particles including neutrons.
Moderator — a material uses to control the energy of the neutrons

Thermal Neutrons — Unbound or free neutrons with an average energy centered around 25
meV, or room temperature

Cold Neutrons -- a free neutron with a kinetic energy of about 5 meV
QENS — Quasielastic Neutron Scattering.

Momentum transfer, Q, is the amount of momentum that one particle gives to another.

Energy Transfer, E, is the amount of energy one particle (neutron) gives or takes from the
system.

Coherent scattering - Q dependent scattering that contains information about scattering
structures.

Incoherent scattering — Q independent scattering and is used to measure scattering densities.
MIEZE —

MEZETI flipper-

Anti-Helmholzt coils —

ToF

Energy resolution
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Atlernative figure 4. Motions in soft matter and biological systems in the BS and NSE time-
length scale. L1: Membrane bending, such as in phospholipid large unilamellar vesicles
(adapted from Biophys. J. 109, 106 (2015)); P1: Reptation confining tube size (from
https://www.nobelprize.org/prizes/physics/1991/9905-what-do-they-look-like/; B1:
Macromolecular  diffusion, as in protein solutions (lysozyme drawing from
http://lysozyme.co.uk/lysozyme-structure.php); P2: Polymer Rouse dynamics
(https://en.wikipedia.org/wiki/Rouse_model); L2: Thickness fluctuations (peristaltic motion)
in membranes, such such as in phospholipid large unilamellar vesicles (adapted from Biophys.
J. 109, 106 (2015)); B2: Domain motions in proteins (from Annual Review of Biophysics, 47,
335 (2018)); P3: Polymers beta-relaxation (Polymers 10, 1153 (2018)); L3 Phospholipid
atomic motions (Current Opinion in Colloid & Interface Science, 14, 381 (2009)); B3: Local
protein motions (Current Opinion in Colloid & Interface Science, 14, 381 (2009)).
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