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Abstract. A recently proposed wide-angle velocity selector (WAVES) device for choosing the velocity of 
detected neutrons after they have been scattered by the sample paves the way for inverted geometry neutron 
spectrometers with continuously adjustable final neutron wavelength. BWAVES broadband inverted 
geometry spectrometer proposed for the Second Target Station at the Spallation Neutron Source at Oak 
Ridge National Laboratory is designed using WAVES to simultaneously probe dynamic processes spanning 
4.5 decades in time (energy transfer). This makes BWAVES a uniquely flexible instrument which can be 
viewed as either a quasielasitc neutron scattering (QENS) spectrometer with a practically unlimited 
(overlapping with the vibrational excitations) range of energy transfers, or a broadband inelastic vibrational 
neutron spectrometer with QENS capabilities, including a range of accessible momentum transfer (Q) and 
a sufficiently high energy resolution at the elastic line. The new capabilities offered by BWAVES will 
expand the application of neutron scattering in ways not possible with existing neutron spectrometers. 

1 Introduction 

Inelastic neutron scattering (INS) is a powerful 
technique for probing atomic and molecular-level 
dynamics in condensed matter. The type of a neutron 
spectrometer (e.g., direct vs. inverted geometry) largely 
defines the scientific areas that the instrument is best 
capable of addressing. Inverted geometry neutron 
spectrometers measure neutrons scattered by the sample 
with a certain fixed “final” momentum and energy, kf 
and Ef. From a range of the momenta and energies in the 
neutron beam incident on the sample, the “initial” 
momentum and energy, ki and Ei, are found for a 
particular detected neutron using its time-of-flight TOF 
from the source to the sample to the detector. This 
determines the momentum and energy transfer, Q = |Q| 
= |ki – kf| and E = Ei – Ef, for each detected neutron 
scattered by the sample. A sum of all scattering events 
gives the scattering intensity, I(Q,E) that is proportional 
to the dynamic structure factor, S(Q,E), E=ω, which 
can be interpreted as a double Fourier transformation of 
the particle’s van Hove correlation function, G(r,t) 
which is classically the probability of finding a particle 
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at position r after time t. INS thus uniquely provides 
simultaneous information on both the geometries of 
motions via the Q dependence and the time dependence 
via E. Further, the simple relation between S(Q,E) and 
G(r,t) illustrates that INS is a uniquely direct probe of 
atomic motion, requiring no extra knowledge of 
electronic, optical, or other properties for its 
interpretation.    
 Scattering of neutrons by a sample is comprised of 
coherent and incoherent parts, and measurements are 
usually designed to minimize the undesirable 
contribution from either signal. Inverted geometry 
neutron spectrometers tend to be utilized for 
measurements of predominantly incoherently scattering, 
usually hydrogen-bearing, samples. This is largely 
because the two prominent classes of such 
spectrometers, molecular vibrational and 
backscattering, efficiently utilize the main advantages of 
the inverted geometry: access to a broad range of energy 
transfers, even at low temperatures, and a high energy 
resolution at the elastic line. However, even the recently 
deployed high energy-resolution backscattering 
spectrometers [1-4], which excel in probing stochastic 
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dynamics that give rise to quasielastic neutron scattering 
(QENS), suffer from a limited range of available energy 
transfers. At the same time, broadband molecular 
vibrational spectrometers [5,6] lack the energy 
resolution and Q-coverage to probe QENS-type signal 
due to stochastic dynamics.  

 To address these shortcomings, a proposal has been 
recently approved to construct an inverted geometry 

spectrometer at the Spallation Neutron Source (SNS) 
Second Target Station (STS). Named BWAVES, which 
is an acronym for broad-band wide-angle velocity 
selector spectrometer, the spectrometer utilizes a novel 
wide-angle velocity selector (WAVES) device [7] to 
choose the velocity of neutrons after they have been 
scattered by the sample. BWAVES employs several 
novel technical solutions (besides the use of WAVES), 
as described in detail elsewhere [8], to become: 

(1) a spectrometer with an unmatched dynamic 
range covering energy transfers from below 0.010 
meV to above 500 meV. 
 (2) the only inverted geometry spectrometer 
currently proposed for SNS STS, well suited to map 
relaxational excitations that gradually emerge as a 
function of temperature, thereby efficiently 
deciphering complex dynamic landscapes. 
 (3)  a spectrometer with a small beam size (5 mm 
by 5 mm), thus enabling studies of small samples 
and facilitating the use of advanced sample 
environment equipment. 
 (4) an open-tabletop sample geometry instrument, 
providing easy access to the sample position for 
application of external stimuli and multimodal 
experimentation, which includes default optical 
access to the sample. 
 (5) the gateway (oftentimes, the one-stop) 
spectrometer for neutron scattering studies of 
dynamics in materials, which is analogous to the 
role played by a general-purpose small-angle or 
broad-angle neutron diffractometer for structural 
studies. 

While each of these features is prominent on its own, 
the broadband character of BWAVES spectra is perhaps 
of utmost importance. The remarkable coverage of 
(E,Q) space, which at BWAVES is achieved within a 
single neutron frame (before the next proton pulse hits 
the target), is illustrated in Fig. 1, together with the 
energy resolution simulated using McStas [9,10] and 
MCViNE [11,12] packages. The widest dynamic range 
can be available at a non-constant Q. 
 A WAVES rotor is designed and built with curved 
blades of a shape described in polar coordinates as r = 
Aφ, A = vf/(360f), where vf is the intended velocity of 
the neutrons transmitted by the rotor, and f is the rotation 
frequency. A photo of a prototype WAVES rotor is 
presented in Fig. 2. The WAVES resolution (full width 

 

 

Fig. 1. Top panel: solid lines: the (E,Q) space coverage 
provided by the BWAVES spectrometer using the 
default f = 14.50 Å in the standard operation mode. 
Also presented (dashed lines) is an example of the 
BWAVES “booster” mode with f = 24.50 Å chosen 
for illustration. Middle panel: zoomed-in and truncated 
data from the top panel replotted as a function of Q. 
Bottom panel: the simulated energy resolution of 
BWAVES. Absolute energy resolution, E (full width 
at half-maximum), up to 5 meV (left) and relative 
energy resolution, E/E above 5 meV (right). 

 
Fig. 2. A photo of a prototype WAVES device for 
selection of the final wavelength of the neutrons 
scattered at the sample position. 
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at half-maximum) can be evaluated [7] as Ef = 
2Ef(360A/nb(Rmax – Rmin)) = 2Ef((vf/f)/nb(Rmax – Rmin)), 
where nb is the number of blades with an internal and an 
external radius of Rmin and Rmax and Ef is the energy of 
the neutrons transmitted by the rotor. Thus, when 
designing blades for a WAVES rotor, the maximum 
rotational frequency is chosen for the target vf to 
improve the energy resolution. As a consequence, for a 
given WAVES rotor with a blade shape of r = A, a 
longer transmission wavelength, resulting in a finer 
energy resolution, can be readily chosen by lowering the 
rotation frequency and, therefore, the transmitted 
neutron velocity, because for a neutron to be 
transmitted, the ratio of (vf/f) must remain constant. In 
contrast, a higher transmission neutron velocity (a 
shorter λf) cannot be selected readily, because this would 
require increasing the rotation frequency, which is 
already chosen to be as high as is technically feasible to 
ensure the best possible energy resolution in the 
standard operation mode. A freely selectable, in a 
continuous fashion, longer transmission wavelength 
results in finer energy resolution, and such an operation 
regime is thus dubbed a “booster” mode. An example of 
the BWAVES coverage in the (E,Q) space in the 
“booster” mode using an arbitrarily chosen λf = 24.50 Å 
is also presented in Fig. 1. 

 Fig. 3 illustrates the output of a virtual BWAVES 
experiment to measure dynamics of HIV-1 protease. 
evaluated using McStas [9,10] and MCViNE [11,12] 
packages. In agreement with the data presented in Fig. 
1, as the Q increases, plotting continuous broadband 
spectra requires the use of progressively broader Q-bins. 
The maximum possible dynamic range is attained for the 

data integrated over all scattering angles, similar to 
molecular vibrational spectrometers [5,6].  The dynamic 
scattering kernel, S(Q,E) for this system was mainly 
developed in the course of carrying out modelling for 
the recently published study revealing dynamical 
softening in the HIV-1 protease upon binding of an 
inhibitor darunavir [13], a finding of particular 
importance in determining the physical factors leading 
to inhibition of this critical drug target. The virtual 
neutron scattering experiment at BWAVES was 
performed using a D2O-hydrated protein powder sample 
of HIV-1 protease, loaded in a cylindrical sample 
holder, 5 mm in height and 5 mm in diameter, with the 
packing density to give the total incoherent scattering 
cross-section for the sample of 0.2 cm-1 (that is, a 10% 
incoherent scatterer with the BWAVES design sample 
geometry). The higher-energy data in Fig. 3 show 
vibrational spectrum, with the C-H stretch modes visible 
near 300 meV. The lower-energy part of the spectrum 
exhibits what appears to be two components, with the 
positions independent of Q, indicative of the localized 
relaxational dynamics. It should be noted that 
development of yet another QENS component, due to 
the water solvent-driven protein dynamics, could be 
expected at higher measurement temperatures in this 
system. 

Another illustration of the advantage of an 
inverted geometry spectrometer with a broad dynamic 
range is provided by Fig. 4. Our recent efforts to 
characterize the dynamics of methyl groups in an 
antiviral molecular drug tetrandrine [14] were 
complicated by the fact that there are six methyl groups 
per tetrandrine molecule (Fig. 4). A series of the 
temperature dependent QENS measurements carried out 

Fig. 4. Arrhenius plot of the measured relaxation times 
(symbols) for the methyl group rotation in a molecular 
drug tetrandrine (the data points are adapted from [14]). 
Insets: molecular structure (top) and crystal structure 
(bottom) of tetrandrine. The methyl group with the 
lowest rotational barrier, giving rise to the low-
temperature data points, are encircled by an oval. The 
other methyl groups have higher rotational barriers and 
give rise to the high-temperature data points.  

 
Fig. 3. HIV-1 protease at 120 K, measured at 
BWAVES using the default f = 14.50 Å for 5 hours 
(virtually). The nine average <Q> values refer to the Q-
bins of 0.25-0.35 Å-1, 0.35-0.45 Å-1, 0.45-0.55 Å-1, 
0.55-0.65 Å-1, 0.65-0.75 Å-1, 0.75-1.25 Å-1, 0.75-1.85 
Å-1, 0.75-2.85 Å-1, and 0.15-17.85 Å-1. 
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at the SNS backscattering spectrometer BASIS (with a 
±0.1 meV range of energy transfer) gives a non-
monotonic temperature dependence for the methyl 
rotational jump time (Fig. 4). The reason for this is that, 
above 60 K, the quasielastic signal from the tetrandrine 
methyl group with the lowest rotational barrier, which 
first emerges on warming up from the baseline 
temperature, becomes too broad for BASIS to measure. 
However, the other methyl group rotational signals 
gradually enter (and eventually exit) the spectrometer’s 
accessible range of energy transfers, thereby giving rise 
to the apparent non-monotonic temperature dependence 
of the measured rotational jump time. In contrast, 
measurements at BWAVES, with its wide range of 
accessible energy transfers, carried out while gradually 
raising the temperature from the baseline, will show the 
emergence of the methyl group dynamics with 
increasing rotational barriers one by one together with 
the simultaneous shift to the high energy (but not 
disappearance) of the methyl group dynamics with the 
lower rotational barriers. Thus, the dynamics of all the 
methyl groups would be identified, revealing their 
activation energies, which will also be linked to the 
vibrational modes simultaneously measured from the 
INS part of the spectrum. This approach requires access 
to the full relevant dynamic range, even at low 
measurement temperatures, not being constrained by 
detailed balance limitations, which can be achieved with 
inverted, but not direct, geometry spectrometers. As the 
only inverted geometry spectrometer currently proposed 
for SNS STS, BWAVES will be uniquely suited to 
systematically map the relaxational excitations as they 
gradually emerge with increasing temperature. 

The technical details of BWAVES and its 
components are thoroughly described elsewhere [8]. 
This paper concentrates on the relationship between the 
unusual characteristics of BWAVES and the science it 
is anticipated to enable. 

2 Science enabled by BWAVES 

2.1 Molecular dynamics in soft matter 
Soft matter is a broad class of materials including, 
among others, liquids and polymers, colloids and foams, 
lipid assemblies, and biological systems. Soft materials 
are used in many current technologies with significant 
potential for breakthrough future applications. One of 
the major properties of soft matter is an enormous 
number of metastable states with only small differences 
in their free energies, of the order of kT. As a result, soft-
matter systems fluctuate rapidly between these states, 
and such fluctuations and rearrangements define their 
unique properties. However, the enormous number of 
metastable states leads to a very high complexity of 
these materials, with a broad range of relaxation 
phenomena, dynamic heterogeneities, cooperativity, 
and ageing of non-equilibrium states. QENS and INS 
provide critical information on transitions between the 
metastable states as well as a broad range of collective 
and individual dynamics in soft matter systems, 
including liquids, lipid assemblies and polymers. 
QENS/INS also helps unravel detailed mechanisms of 

proton/ion transport and elucidate many other aspects of 
soft matter dynamics. As a typical example, a 
combination of separately measured scattering spectra 
from polymer systems is usually necessary for thorough 

characterization of the polymer dynamics (Fig. 5, [15]), 
but unfortunately this relies on arbitrary matching of the 
data from different spectrometers summed over all Q 
values. In contrast, with its broad dynamic range 

BWAVES will be an ideal instrument to enable 
unequivocal analysis of polymer dynamics, including 
the geometries of molecular motions via the Q 
dependence of the scattering signal over the broad 
energy range. BWAVES will be well suited for 
measurements of dynamics in complex polymer 
systems, e.g., as presented in recently published studies 
of bottlebrush polymers [16,17] that had to utilize 
several neutron spectrometers at different facilities.   

 
Fig. 6. Elastic incoherent structure factor for h-DMPC 
lipids obtained from NSE (SNS) and BASIS (SNS) 
studies. The data are modeled with motions within a 
sphere, a cylinder, and compared with three and two 
site jump models. Reprinted with permission from [18]. 
Copyright 2020 The Royal Society of Chemistry. 

 
Fig. 5. Neutron scattering data presented as 
susceptibilities (T = 300 K, summed over all Q values, 
combined BASIS (SNS) and CNCS (SNS) 
measurements). The inset shows the normalized QENS 
area under the curve of a neat polymer vs. the polymer 
nanocomposite (PNC) and the polymer grafted to 
nanoparticles (PGN). Reprinted with permission from 
[15]. Copyright 2017 by the American Physical Society. 
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In another example, liposomes are an excellent 
model system for studying non-covalent interactions in 
complex cell membranes. Neutron spectroscopic studies 
of liposomes will shed light on effects of drugs, 

investigate how viruses enter a cell membrane, and 
suggest how to harness the properties of cell membranes 

in technical applications, e.g., with embedded molecules 
for light harvesting. A recent study [18] combined data 
collected at the SNS neutron spin-echo (NSE) and 
BASIS spectrometers to cover a broad Q-range in the 
time range shorter than 5 ns. Fig. 6 shows the obtained 
elastic incoherent structure factor (EISF) representing 

the geometry of the lipid motion. It is likely that the lipid 
dynamics is best described as motion within a cylinder, 
yet the gap in the Q-range between the NSE and BASIS 
data leaves uncertainty regarding the effective cylinder 
dimensions. BWAVES, due to its capability of selecting 
long final wavelength (thus, lower Q and higher energy 
resolution) when operated in a “booster” mode, will be 
able to close the gap in the Q-range between NSE and 
BASIS and allow unequivocal determination of the 
geometry of the lipid motion. 

While understanding cooperativity and 
heterogeneity in the dynamics of liquids and polymers 
remains a great scientific challenge, the dynamics of 
water, especially in confined space and at interfaces, is 
critical for a wide range of industrial and bio-medical 
applications and is a topic of equally active discussion 
[19-22]. For example, dielectric spectroscopy detects 
the main relaxation process in bulk water on the time 
scale ~10 ps, while light, neutrons and X-ray scattering 
detect the main structural relaxation on the time scale ~ 

 

Fig. 7. Broadband neutron scattering capabilities are 
highly desirable to study the dynamics of water. (A) 
Recent work studying water hydrating Green 
Fluorescent Protein was compelled to utilize multiple 
spectrometers to achieve an experimental window 
covering the ns-ps dynamics of water. The capabilities 
of BWAVES would be an ideal fit for such studies. (B) 
Currently, Q-resolved spectra must be sliced and 
stitched in a cumbersome process from instruments with 
mismatched resolution and dynamic window. (C) 
Ultimately, this window is important to probe different 
water populations around model biomolecules. The data 
are adapted from [23]. 

Fig. 8. Fitting of inelastic neutron scattering spectra 
from n-methylacetamide. Top: incoherent spectra, four 
components. Bottom: coherent spectra, three 
components. Reprinted with permission from [26]. 
Copyright 2017 The Royal Society of Chemistry. 
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1 ps [19-22]. BWAVES may resolve this conflict and is 
positioned to become an invaluable tool in hydration 

studies, increasing the quality and throughput of 
experimental studies of water dynamics, with the 
experimental window overlapping the coupled 
translational and rotational motions of water on the 
nanosecond to picosecond timescale as well as with 
vibrational modes. 

The ability to capture the relevant water motions 
in a single experiment immediately reduces the 
difficulty of the experiment and ambiguity associated 
with combining information obtained on multiple 
spectrometers. For example, Fig. 7 presents the overlap 
of the current SNS QENS-capable spectrometers 
(BASIS and the cold neutron chopper spectrometer, 
CNCS) used for the study of water dynamics [23] in 
comparison to the proposed capabilities of BWAVES. It 
should be noted that explicit fits of QENS data collected 
at BASIS (±0.1 meV only) with more than 2 dynamic 
components have been infrequent, as such fits are 
difficult to carry out [24,25]. Another illustrative 
example of multi-component dynamic data (also 
collected at BASIS and CNCS), for which BWAVES 
would become a one-stop spectrometer, is given by a 
hydrogen-bonding liquid, n-methylacetamide (NMA) 
which is a model system for the peptide group (Fig. 8, 
[26]). 

Studies of vibrational dynamics in soft matter, 
such as dental restorative cements [27], are presently 
championed at SNS by the VISION vibrational 
spectrometer. In such complex systems functionality is 
related to relaxational-translational molecular 
dynamics, and without a spectrometer with the 
exceptional characteristics of BWAVES, 
characterization of molecular dynamics again requires 
the use of many spectrometers. In the example presented 
in Fig. 9, four spectrometers were used at four different 
user facilities: in the USA, Australia, France, and the 
UK. Besides the logistical problems, in this case the 
traditional approach presents great challenges related to 
sample ageing, which is not uncommon in soft matter 
studies. When the experiments are designed to probe the 
molecular dynamics in the sample as a function of 

curing time (Fig. 9), the benefits of a single spectrometer 
capable of measuring relaxational-translational and 
vibrational dynamics simultaneously, such as 
BWAVES, are obvious. 
 
2.2 Chemical spectroscopy 
Understanding proton and ion dynamics in liquids, 

solids and polymers is another example of a scientific 

topic that can benefit tremendously from use of 

Fig. 9. Dynamics of aqueous polyacrylic acid in dental 
restorative cements: QENS spectra collected at 
backscattering and time-of-flight spectrometers. 
Reprinted with permission from [27]. Copyright 2018 
American Chemical Society. 

Fig. 10. (a) Quasi-elastic neutron scattering signal 
showing delocalization of Cu ions with increasing 
temperature (broadening of central peak). (b) Layered 
structure of CuCrSe2, showing liquid-like Cu layers in 
superionic phase above 365 K. (c,d) Ab-initio MD 
calculations of Cu ion trajectory, showing delocalization 
across  and  sites at high T (adapted from [58]). 

 
Fig. 11. Top: QENS spectra of MXenes samples 
measured at BASIS. Reprinted with permission from 
[77]. Copyright 2016 American Chemical Society. 
Bottom: the generalized vibrational density of states of 
MXene samples before (red curve) and after (blue curve) 
annealing, from the INS spectra measured at SEQUOIA. 
Reprinted with permission from [78]. Copyright 2014 
American Chemical Society. 
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broadband neutron scattering. For instance, superionic 
conductors (SICs) are unique solid materials in which a 

portion of the structure becomes liquid-like at high 
temperatures (often above a phase transition), with 

mobile ions acquiring diffusivities similar to liquid 
water at room temperature (D ~ 10-5 cm2 s-1). Steady 

interest in these systems [28-35] has spiked recently 
because of their promising applications as solid-state 
electrolytes for safer rechargeable batteries [36-46], as 
promising new thermoelectric materials [47-51], or as 
solid-oxide fuel-cells [52-54]. However, because of 
their intermediate nature between the solid and liquid 
states, SICs exhibit highly complex atomic dynamics 
involving many intricate processes ranging from solid-
like phonons to liquid-like diffusion, which operate 
across multiple time and length scales [30,42,55,56]. 
Hence, the thermodynamic and transport properties of 
SICs remain poorly understood [56]. For example, two 
recent studies of atomic dynamics in the superionic 
“phonon-liquid electron-crystal” thermoelectric 
compounds AgCrSe2 [57] and CuCrSe2 [58] arrived at 
different conclusions regarding the atomistic processes 
dominating their thermal transport. These SICs are 
isostructural and both undergo phase transitions to a 
superionic state on heating, where Ag/Cu ions become 
highly mobile. Both exhibit ultra-low thermal 
conductivities (<1 W m-1 K-1 above 300 K) [49,59]. 

In Ref. [57] it was concluded that transverse 
acoustic phonons disappear in the superionic phase of 
AgCrSe2, leading to a liquid-like thermal conductivity, 
while it was shown in [58] that long-wavelength 
acoustic phonons remain well-defined in the superionic 
phase of CuCrSe2 but instead disorder and 
anharmonicity are strong sources of phonons scattering. 
BWAVES will be highly beneficial for resolving such 
controversies. The large dynamic range of BWAVES 
will enable simultaneous measurements of the signals 
that at present require two or three SNS spectrometers 
(e.g., BASIS, CNCS, ARCS, SEQUOIA, or VISION) to 
investigate both the QENS behavior (diffusion) and the 
lattice dynamics (phonons up to 10-100 meV) critical 
for understanding solid-state electrolytes for next-
generation batteries. Moreover, the QENS signal from 
non-hydrogenous samples is relatively weak, and 
systematic studies (e.g., as a function of temperature and 
compositions) will be facilitated by the higher flux of 
BWAVES compared to BASIS. 

As further example, recent breakthroughs in 
batteries [45] have achieved solid Li-ion or Na-ion SICs 
with ionic conductivities rivalling those of conventional 
organic liquid electrolytes [36,41,60-65]. These could 
replace liquid electrolytes to improve safety and boost 
energy density [40,65]. While many structural families 
of SICs have been uncovered (e.g. argyrodites [43,66], 
LISICON [67], NASICON [35], garnets [68], lithium 
nitrides [69,70], halides [71], and perovskites [72,73]), 
a clear understanding of how superionicity arises in 
structurally and chemically disparate compounds is still 
missing [39,45]. QENS is ideally matched to probe the 
dynamics of fast ions (~GHz), complementing 
measurements of THz lattice dynamics with INS, and 
BWAVES will be able to simultaneously measure both 
regimes in a single instrument setting, a unique feature 
not accessible with existing neutron spectrometers. 
Example QENS measurements across the superionic 
transition in CuCrSe2 are shown in Fig. 10. The 
broadening of the QENS peak upon warming into the 
superionic phase (T > 365K) is the hallmark of 
increasing diffusion. The QENS data analysis will 

 

 
Fig. 13. QENS (top) and INS (bottom) spectra measured 
from an amorphous LixSi anode material. Reprinted with 
permission from [80]. Copyright 2017 American 
Chemical Society. 

 
Fig. 12. Confined interlayer water in tungsten oxide 
hydrates enables fast highly reversible proton 
intercalation. (a) QENS (BASIS) of an electrode in the 
pristine, WO3·H2O, black, and intercalated, 
H0.1WO3·H2O, red, states at T = 300 K. (b-c) INS 
(SEQUOIA) of the same electrodes at T = 5 K. (d) AIMD 
simulations of the vibrational density of states show the 
effect of protons at the terminal (Ot, green) and bridging 
(Ob, blue) oxygen atoms to the overall spectrum. 
Reprinted with permission from [79]. Copyright 2019 
American Chemical Society. 
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directly estimate the ion diffusion and jump length from 
the Q dependence of the signal, and these results can be 
also combined with the analysis of phonons in the same 
measurements. Thus, BWAVES will open 
unprecedented opportunities for studying SICs. 

The discovery of a novel class of 2D MXene 
materials [74-76] has revolutionized many applications 
and lead to an exponential growth in research on 
MXenes for electrochemical devices. The dynamics, 
both vibrational and diffusive, of water species in 
MXenes is critical for their electrochemical 
performance and long-term operational stability, and 
strongly depends on the water content and the 
intercalated ions. To date, MXenes have been studied 
separately at the SNS BASIS and SEQUOIA 
spectrometers (Fig. 11, [77,78]) using large-size 
aluminum sample holders for powders. The 
combination of QENS and INS capabilities with a small 
beam size in an open-tabletop sample geometry 
spectrometer such as BWAVES will facilitate 
simultaneous studies of vibrational and diffusive 
dynamics in real-life electrochemical devices, such as 
MXene-based supercapacitors, under operational 
condition (e.g., repeated charging-discharging). 

There is a strong societal need for energy-related 
research and development, which requires 
comprehensive characterization of materials for 
batteries and supercapacitors. As an example, recent 
experiments at SNS (Fig. 12, [79]) measured 
intercalated proton dynamics in tungsten oxide hydrate 
electrodes. However, the characterization of the 
vibrational and stochastic energy landscape in these 
electrode materials relied on disparate measurements at 
BASIS at 300 K and SEQUOIA at 5 K, and possible soft 
dynamic modes could not be evaluated at all. The 
temperature-dependent QENS and INS measurements at 
BWAVES will provide thorough characterization of the 
vibrational and stochastic energy landscape in electrode 
materials, which feature multiple hydrogen-bearing 
species such as structural water molecules, hydration 
water molecules, and intercalated protons, each with its 
own dynamic characteristics. The power of temperature-
dependent measurements for elucidating complex 
energy landscapes, which is specific to the inverted 
geometry spectrometers such as BWAVES, has been 
already mentioned above in the context of 
distinguishing between methyl groups with various 
rotational barriers (Fig. 4). 

Similar to in situ studies of charging-discharging 
processes in real life supercapacitor devices, the small 
beam size and an open-tabletop geometry of BWAVES 
will enable in situ electrochemical studies of batteries 
under operation conditions. While it is common to use 
VISION for verification of the proton content in the 
materials with non-proton charge carriers studied 
separately at BASIS (e.g., Fig. 13 [80]), BWAVES will 
provide unprecedented opportunities for the 
simultaneous monitoring, in real time, of the mobility of 
Li charge carrier ions and the evolution of the 
vibrational dynamics in the matrix (e.g., battery anode) 
associated with the in-operando ion insertion. 

 

2.3 Molecular dynamics in biological systems 
Life, as we know it, is based on molecular motions. 

Biological materials are characterized by enormously 
complex energy landscapes, and the associated dynamic 
processes comprise a broad quasi-continuous spectrum 
of both vibrational and relaxation excitations. Due to the 
intricate coupling of biomolecules with their aqueous-
based environment [81-86], the dynamics of which is 
already challenging to understand (Fig. 7), the dynamic 
landscape of hydrated / solvated biomolecules 
represents even higher level of complexity. Moreover, 
studies of living systems are challenged with the need to 
incorporate knowledge on multiple length and time 
scales. On length scales this involves a continuum from 
communities, to organisms to organs and down to cells 
and molecules. On time scales dynamic phenomena in a 
single protein occur on at least 17 decades of time (fs-
102s). BWAVES acts in the multiscale research space, 
connecting phenomena over 4 decades of time, and 
promises thus to furnish vital information on connected 
and interdependent multiscale dynamical phenomena 
and forces at the molecular level of biology. 

Neutrons have many desirable and unique 
properties as a probe of biomolecular dynamics, but the 
bandwidth limitations of classical neutron spectroscopy 
are problematic when the broad excitations of diffusive 
and relaxation motions need to be simultaneously 
probed. This is true in hard matter systems but is 
especially detrimental in studies of soft matter and 
biological systems, where the excitations are broad in 
energy space and oftentimes overlap with one another. 
This can, similarly to the above non-biological cases, 
lead to misinterpretations and ambiguity in analysis of 
neutron scattering data. As a typical example, analysis 
of the broad relaxation spectra in a protein required 
measurements on 3 different spectrometers (Fig. 14, 
[86]) - a very time and sample consuming process. 
BWAVES, due to its broad dynamic range, will address 
this problem. Many experimental techniques can 
measure longer time dynamics (µs and longer) than 
BWAVES. However, it remains a great challenge to 
understand the details of dynamic processes on 
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Fig. 14. Susceptibility spectra of protein lysozyme 
obtained by combination of data from 3 spectrometers, 
time-of-flight DCS (NIST), backscattering BASIS 
(SNS) and backscattering HFBS (NIST). Reprinted 
with permission from [86]. Copyright 2015 The Royal 
Society of Chemistry.  
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microscopic time scales (~fs-ns), which are collective, 
cooperative, and intrinsically heterogeneous. These 
timescales directly probe the interactions intrinsic in the 
molecular structure of biomolecules and their 
assemblies.  

Moreover, the internal motions of protein on the 
timescales accessible to BWAVES are critical to the in 
silico drug discovery procedure of ensemble docking 
[87,88], in which the dynamic nature of drug binding 
sites is taken into account in virtual high-throughput 
screening. To this end, perhaps nothing can illustrate 
better the importance of neutron spectroscopy for 
probing the dynamics in complex biosystems than the 
pandemic caused by COVID-19 virus. The SARS-CoV-
2 coronavirus, the causative agent of COVID-19, 
contains a spike protein, which is a molecular machine 
for binding to and penetrating human host cells (Fig. 15, 
[89,90]). Small-molecule drugs binding within the S-
protein-human ACE2 interface may prevent this 
infectious step, and understanding the flexibility of the 
drug binding sites is essential to the design process. 
Other SARS-CoV-2 proteins can also be examined, and, 
to help derive pan-coronavirus treatments for the 
coming decades, binding site flexibilities of the entire 
suite of non-structural viral proteins should be derived. 
INS and QENS measurements at BWAVES will be 
essential for studies investigating protein-ligand 
binding. 

Further, the mechanics of infection and viral 
particle assembly requires conformational changes in 
the protein machines responsible for them. 
Understanding these steps in the viral lifecycle will 
require characterization of the anharmonic dynamics 
responsible for the mechanical soft modes involved. 
Inelastic neutron scattering spectra ranging from the 
femtosecond to nanosecond timescale will be invaluable 
in this regard as they will provide information on the 
elastic properties of this molecular machine in various 
states and their perturbations due to the interactions with 
potential drugs. Moreover, on a fundamental level, the 
time- and geometry-dependence of motions detectable 
by BWAVES will be of great help in deciphering the 
relationship between non-ergodic, ageing, internal 
protein dynamics [91] in single proteins as determined 
by molecular dynamics simulation and single-molecule 
FRET and ensemble characteristics measured by 
BWAVES. An open question in the studies of biological 
systems, from single proteins to complex systems as 
bacteria or cells, concerns the relaxation processes self-
similarities over many decades in time, for which there 
are hints reported in the literature [92]. To obtain 
information over such broad time ranges, one needs to 
use spectrometers giving access to complementary time 
domains, or even better an instrument such as 
BWAVES, which permits us to see a broad energy-time 
domain at once, avoiding problems due to different 
normalizations. 

Another biologically important field is the 
dynamics of hydration water of macromolecules, 
microbial envelopes, plant cell wall polymers, and many 
other systems. The structurally and dynamically 
perturbed hydration shells of proteins and other 
biomolecules have a strong influence on their function 

and stability. Many recent studies have focused in great 

depth on providing a description of hydration water 

 
Fig. 15. Top: SARS-CoV-2 virus (reprinted with 
permission from [89]. Copyright 2020 American 
Chemical Society). Middle: the S-protein of SARS-
CoV-2 and human ACE2 receptor complex. Orange 
ribbons: the S-protein, purple: the ACE2, yellow: the 
interface targeted for docking (reproduced from [90]). 
Bottom: Four of the top scoring small-molecules binding 
within the S-protein-ACE2 interface. A) pemirolast. B) 
isoniazid pyruvate. C) Nitrofurantoin. D) Eriodictyol. 
Orange ribbons: the S-protein, purple: the ACE2 
receptor (reproduced from [90]). These calculations 
required a knowledge of the dynamics of the target 
proteins on the BWAVES time scales. 
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dynamics using neutron scattering methods [93-95]. 
Neutron scattering approaches can quantify the number 
of molecules perturbed by the presence of a biomolecule 
and the degree of the perturbation. The recent 
investigation of water dynamics in crowded solutions of 
green fluorescent protein (Fig. 7) is a good example 
[23], where the spectral analysis revealed that slightly 
less than two shells (∼5.5 Å) of water were perturbed by 
the presence of the protein, with dynamics a factor of 
2−10 times slower than bulk water. These results help 
clarify the seemingly conflicting range of values 
reported for hydration water retardation as a logical 
consequence of the different length scales probed by the 

analytical techniques used. Neutrons not only provide a 
detailed description of water dynamics but do so in a 
way which adds clarity to the broad community studying 
the question with other approaches. Even more 
challenging are studies of water dynamics in cells, 
where the experimentally determined parameters reveal 
that hydration water dynamics strongly depend on the 
confinement environment (size, pH, hydrophilic or 
hydrophobic surface, etc.) [96]. No single experimental 
technique can give a full picture of such intricate 
dynamics, but the broadband capability of BWAVES 
will provide the most comprehensive information yet. 

 The study of anticancer drug effects at the cellular 
level is another fascinating example where the need to 
measure both vibrational and relaxational phenomena in 
a single spectrum is critical [97]. BWAVES will make 
this type of measurement possible. By scrutinizing the 
effect of distinct chemotherapeutic agents on the water 
dynamics of different cell lines, the active water role in 
living organisms over many scales of time and distance 
will be finally re-evaluated [98]. BWAVES capabilities 
will offer unparalleled advantages for cellular water 
investigations under various environmental conditions 
using neutron scattering (not attainable by NMR [99]) 
and consolidate the role of neutron scattering in cell-
based drug characterization. BWAVES will also play a 

pivotal role in biotechnology and biomedicine by 
allowing – with the aid of specialized sample 
environment [100] – studies of changes in the cellular 
water dynamics caused by stimuli-responsive drug 
delivery systems that respond to heat, pH, light, 
magnetic and/or electrical field. These smart 
bionanomaterials, where controlled and long-term drug 
release is enabled by the action of an external stimulus, 
offer the promise of treatments for chronic diseases. 
Activating these materials using electrical signals would 
make this technology easy to generate and control 
[101,102]. 

Even though the movement of ions and water 
dipoles is postulated to be important in the chemical 
pathway of electroporation (a microbiology technique 
that uses electrical field to increase the permeability of 
the cell membrane) and electroosmotic flow (movement 
of a liquid in a porous material or biological membrane 
under the influence of an electric field), research gaps 
still need to be closed to advance this technology. For 
instance, how are the transport mechanisms of water or 
ions affected by an applied electric field? Answering 
this question is key for developing novel hybrid organic-
inorganic electric field responsive drug delivery 
systems. Here, again, the need to measure both 
vibrational and relaxational phenomena in a single 
spectrum is crucial [103,104]. The unique ability of 

neutron scattering to study encapsulated drugs at the 
molecular level will lead to deeper understanding of 
their mobility/release dynamics. Being able to predict 

 
Fig. 17. QENS data at Q = 1.0 Å-1 with fits (top left) 
and the associated signal broadening (top right) from 
lipoprotein particles (bottom) measured at 310 K and 
20 bar (reprinted with permission from [106]). The 
FWHM values of the three Lorentzian distributions as a 
function of Q-squared as presented in the top right 
panel were obtained at IN5, ILL (smaller Q-range, open 
symbols) and IN6, ILL (filled symbols) and fitted using 
a translational diffusion model (magenta points), a 
jump-diffusion model (blue points), and a rotational 
diffusive model (orange points). 

 
Fig. 16. Normalized QENS spectra and fit for T. 
barophilus at 298 K, 40 MPa and Q = 0.96 Å-1 on a semi-
logarithmic scale. Scheme in the red circle represents the 
different populations studied, the ribbons represent a 
protein, and the dots represent water molecules (green 
for hydration water and blue for bulk water). Reprinted 
with permission from [105]. Copyright 2019 The Royal 
Society of Chemistry. 
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release profiles of complexed drugs is one of the greatest 
challenges faced by pharmaceutical technology. Such an 
understanding would bring to light the possibility of 
tailoring the drug release rate in accordance with the 
desired effect, and a combination of density functional 
theory calculations with incoherent inelastic 
spectroscopy and state of the art sample environment is 
a promising approach to overcome this challenge using 
BWAVES, facilitated by the open sample geometry 
aiding stimuli application.   

The ability of BWAVES to fully characterize the 
dynamics of a sample in one shot is of critical 
importance for studies involving stimulus-induced 
response, because it ensures that the dynamics at all 
energy transfers is always probed in the identical state 
of the sample immediately before, during, and after the 
stimulus application. When carried out at different 
spectrometers, processes such as in situ 
hydration/dehydration and drug delivery would require 
full reproducibility of the external stimulus application 
that is hard to achieve in practice, thus requiring 
stitching together data sets collected not necessarily 
under the identical conditions. This exacerbates the 
already mentioned issues of the mismatched Q ranges 
and arbitrary data normalization from different 
spectrometers. Simultaneous measurements over the full 
dynamic range, as allowed by BWAVES, will resolve 
this problem of reproducible stimuli application, which 
grows more challenging with the increasing complexity 
of the systems under investigation. 

Understanding biological complexity and 
metabolism in plants and microbes is a further grand 
challenge. Connecting the molecular scale dynamics of 
hydrogen atoms or collective fluctuations of biological 
structures to organism level phenomena requires 
advances in the tools for assessing molecular motions, 
such as provided by BWAVES. Rapidly capturing broad 
spectral snapshots of molecular motions is crucial for 
understanding differences in molecular motions based 
on different biological stimuli. Furthermore, studies of 
complex systems are favored by open tabletop 
BWAVES design capable of accommodating complex 
sample environments. A more open sample environment 
allows for sample interaction with light, added 
chemicals (salts, metabolites, etc.), and pressure, to 
name a few. Because biological systems are constantly 
changing, it is crucial to monitor samples in the course 
of experiments. Parameters such as optical density, 
fluorescence, or settling of cells out of solution must be 
monitored to ensure that changes in dynamics are 
representative of real phenomena. Thus, easy access to 
the sample (including access by optical probes) will be 
a highly beneficial feature of BWAVES design.  

Investigation of very complex systems such as 
prokaryotes can provide information on adaptation 
mechanisms to extreme external conditions such as high 
temperature, pressure, and salinity. In recent studies, 
QENS data were collected on Thermococcus 
barophilus, a microbe living in the deep sea close to hot 
vents. Fig. 16 [105] shows that, besides the elastic 
contribution, there are several dynamic components in 
the cellular dynamics, corresponding to bulk and 
hydration water and the proteome. These contributions 

were visible within the rather limited energy transfer 
range of the spectrometer IN5 (ILL), but the correct 
interpretation of the two components arising from water 
required other measurements on IN6 (ILL). Therefore, 
for these relaxational studies, a broadband range 
spectrometer is again imperative. In addition, it is 
desirable to probe low-energy vibrational dynamics 
simultaneously and on the same samples, as they are 
very difficult and expensive to produce. Hence a 
spectrometer that resolves all the relaxational 
components shown in this spectrum, but also goes much 
beyond the energy transfer shown here, becomes 
mandatory. Moreover, modern MD simulations allow a 
combination of all-atom and coarse-grain approaches, 
permitting to reasonably model bacteria as Eschericia 
coli and therefore to compare the results from 
vibrational and local motions to global movements, thus 
allowing to make progress on both the experimental and 
simulations sides. Therefore, an instrument as 
BWAVES will make a dramatic difference in this kind 
of studies of microorganisms. 

Another example where dynamics influences 
function is human plasma lipoproteins - macromolecular 
assemblies of lipids and proteins which transport lipids 
through blood circulation. The main function of low-
density lipoproteins (LDLs) is the transportation of 

cholesterol from the liver to peripheral tissue. LDL 
particles (Fig. 17, [106]) comprise a combination of 
lipids and a single copy of a protein, apolipoprotein 

Fig. 18. An example of apo B-100/NP40 data fitting 
(modified from [107]) on 3 spectrometers (IN16b - top; 
IN16b BATS - middle; IN5 - bottom) at Q = 1.05 Å−1. 
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B100 (apoB100). They have a hydrophobic core and an 
amphiphilic shell. While the core hosts cholesteryl 
esters, triglycerides, and parts of the unesterified 
cholesterol, the shell consists of a phospholipid 
monolayer, unesterified cholesterol, and the 
amphipathic apoB100 molecule wrapped around the 
surface. LDL is a key contributor to lipid deposition in 
the arteries leading to atherosclerosis. Exploration of the 
dynamical features of the LDL particles with either a 
normal or triglyceride-rich lipid composition is essential 
for accurate modeling and understanding of the LDL 
interactions with various biological environments in 
vivo. The complexity of the lipid dynamics in the LDL 
particles has necessitated the use of different neutron 
spectrometers for the global fit of the QENS spectra 
[106]. However, because all the dynamic components 
have been demonstrated to contribute prominently to the 
QENS spectra measured at Q = 1.0 Å-1 and below (Fig. 
17), BWAVES will enable single-spectrometer 
measurements of lipoprotein dynamics, while its open-
tabletop geometry will facilitate the in situ control over 
the physiologically relevant conditions of the 
lipoprotein’s host solutions.  

One moiety of LDL, the apolipoprotein B-100 
(apo B-100), has been scarcely studied. Due to its 
amphiphilic nature, it is partly located at the surface of 
the LDL and partly embedded in its phospholipid 
monolayer. Therefore, it has characteristics close to 
classical membrane proteins and is very difficult to 
extract from LDL, and thus its solubilization is 
associated with detergent remaining in the sample. 
Recently, the dynamics of apo B-100 and its detergent, 
Nonidet P-40 (NP40) were separated using incoherent 
neutron scattering experiments [107] but through a 
combination of measurements on three different 
spectrometers at ILL: IN5, IN16b in BATS mode, and 
IN16b (see Fig. 18). This approach allowed the motions 
of the detergent alone to be identified, and, by fixing 
some of the parameters, to separate the parameters 
specific to apo B-100. Such methodology can render 
studies of other membrane proteins achievable. The 
potential to collect all necessary data on one instrument, 
such as BWAVES, under the same conditions, would 
greatly simplify such measurements and improve data 
reliability. 

3 Conclusion 

BWAVES will be capable of simultaneous 
characterization of vibrational and relaxational spectra 
in an enormous range of soft matter systems. Herein we 
discussed the benefits of this approach using numerous 
examples from recent neutron spectroscopy studies in a 
broad range of systems. We reiterate the main 
characteristics of BWAVES, which we have discussed 
in the paper, as follows: 
 (1) Measurements of continuous spectra covering 
energy transfers from below 0.010 meV to above 500 
meV. 
 (2) The only currently proposed inverted geometry 
spectrometer for SNS STS, well suited to map 

relaxational excitations gradually emerging as a 
function of temperature. 
 (3) A small beam size (5 mm by 5 mm). 
 (4) An open-tabletop sample geometry instrument. 
 (5) The flexibility to function as the workhorse 
spectrometer at SNS STS for studies of chemical, soft 
matter, and biological systems. 

The importance of the first three features of 
BWAVES can be demonstrated using recent studies 
[14,108,109] of several potential therapeutic agents for 
COVID-19 treatment, which were carried out at SNS in 
the Spring of 2020. These studies required the use of 
BASIS, CNCS, VISION, and SEQUOIA spectrometers 
for different measurements spanning several weeks. 
These measurements could have been completed much 
more readily and efficiently with the use of a single 
broadband spectrometer such as BWAVES. A 
broadband inverted geometry spectrometer such as 
BWAVES would be capable of thorough mapping of the 
rotational potentials of side groups in molecular 
compounds such as anti-COVID-19 drugs and other 
antiviral agents, which proved elusive to achieve with 
the existing spectrometers (Fig. 4, [14]). Further, it was 
necessary to bypass several promising drug candidates 
altogether because they were available only in 
microgram quantities, which could not be measured 
using the existing spectrometers with an incident beam 
size of ca. 10 cm2 or larger. BWAVES will enable these 
types of samples to be probed, with its smaller beam size 
and a high neutron flux. 

While the implications of the first three features of 
BWAVES are well understood and appreciated, the 
latter points represent novel features of BWAVES that 
remain to be explored by the community. Never before 
has a broadband high energy-resolution spectrometer 
been built with an open sample geometry more 
resembling that of neutron reflectometers than 
traditional neutron spectrometers. 

An important element of BWAVES operation will 
be integration with a range of computational and 
experimental techniques in multimodal studies of 
important soft matter systems. For example, the 
convenient and routine application of external stimuli to 
samples, including optical probes, will greatly broaden 
the usefulness of the neutron measurements and will and 
enable the users, both experienced and new, to expand 
the application of neutron scattering in ways not 
possible with today’s neutron spectrometers. Such 
expansions may be difficult to appreciate at present. 
Furthermore, the dynamic range of BWAVES mirrors 
that accessible to molecular dynamics simulation and 
developments in the latter utilizing high-performance 
computing need rigorous experimental testing. 
BWAVES, by virtue of its direct probing of dynamics 
on a wide range of timescales, will provide the necessary 
constraints. 

All in all, it may be fair to describe BWAVES as a 
workhorse spectrometer at SNS STS that will provide a 
gamut of unprecedented characterization capabilities to 
a broad user community. Serious consideration needs to 
be given to the future computational approaches suitable 
to model both QENS and INS measured signals, not 
separately, but within the same spectra. 
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