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Introduction

Proteins in aqueous liquid suspensions are subject to a superposition of their center-of-mass diffusion and their internal diffusive molecular motions.

These diffusive motions on the nanometer length scale can generally be well accessed by neutron backscattering spectrometers [START_REF] Caronna | Incoherent elastic and quasielastic neutron scattering investigation of hemoglobin dynamics[END_REF][START_REF] Jasnin | In Vivo Measurement of Internal and Global Macromolecular Motions in Escherichia coli[END_REF][START_REF] Stadler | Macromolecular Dynamics in Red Blood Cells Investigated Using Neutron Spectroscopy[END_REF][START_REF] Hennig | Dynamics of Highly Concen-trated Protein Solutions Around the Denaturing Transition[END_REF][START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF]. When such a backscattering experiment probes protonated tracer proteins dissolved in heavy water (D 2 O), the recorded signal from the incoherent scattering of the proteins informs on their self-diffusive dynamics. The complexity of this hierarchically superimposed center-of-mass and internal dynamics in dense aqueous protein solutions has been subject to numerous studies using neutron spectroscopy [START_REF] Jasnin | In Vivo Measurement of Internal and Global Macromolecular Motions in Escherichia coli[END_REF][START_REF] Hennig | Dynamics of Highly Concen-trated Protein Solutions Around the Denaturing Transition[END_REF][START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF][START_REF] Réat | Solvent dependence of dynamic transitions in protein solutions[END_REF][START_REF] Pérez | Evolution of the internal dynamics of two globular proteins from dry powder to solution[END_REF][START_REF] Stadler | Internal Nanosecond Dynamics in the Intrinsically Disordered Myelin Basic Protein[END_REF][START_REF] Grimaldo | Diffusion and Dynamics of γ-Globulin in Crowded Aqueous Solutions[END_REF][START_REF] Monkenbusch | Fast Internal Dynamics in Alcohol Dehydrogenase[END_REF][START_REF] Grimaldo | Salt-Induced Universal Slowing Down of the Short-Time Self-Diffusion of a Globular Protein in Aqueous Solution[END_REF][START_REF] Fujiwara | Dynamical Behavior of Human α-Synuclein studied by Quasielastic Neutron Scattering[END_REF][START_REF] Longeville | Hemoglobin diffusion and the dynamics of oxygen capture by red blood cells[END_REF][START_REF] Anunciado | In Vivo Protein Dynamics on the Nanometer Length Scale and Nanosecond Time Scale[END_REF][START_REF] Braun | Crowding-Controlled Cluster Size in Concentrated Aqueous Protein Solutions: Structure, Selfand Collective Diffusion[END_REF][START_REF] Ameseder | Homogeneous and Heterogeneous Dynamics in Native and Denatured Bovine Serum Albumin[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Mamontov | Microscopic diffusion processes measured in living planarians[END_REF]. On the nanosecond time scale observed in a backscattering experiment, the measured protein center-of-mass diffusion corresponds to the colloidal short-time limit, on which protein-protein collisions are negligible and hydrodynamic interactions are dominant [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF], providing one of the aspects of the useful complementarity of quasi-elastic neutron spectroscopy (QENS) to nuclear magnetic resonance (NMR) measurements on protein solutions [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Roos | Coupling and Decoupling of Rotational and Translational Diffusion of Proteins under Crowding Conditions[END_REF]. The center-of-mass diffusion is represented by an observable apparent diffusion coefficient D which is an implicit function D = D(D t , D r ) of the translational D t and rotational D r diffusion coefficients [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF][START_REF] Roosen-Runge | Protein Diffusion in Crowded Electrolyte Solutions[END_REF]. In the short-time limit, colloid physics models describing the diffusion of hard spheres [START_REF] Banchio | Short-Time Transport Properties in Dense Suspensions: From Neutral to Charge-Stabilized Colloidal Spheres[END_REF] can be applied to quantitatively understand the dependence of D t = D t (ϕ) and D r = D r (ϕ) on the volume fraction ϕ occupied by the proteins in the sample solution [START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF].

Neutron backscattering experiments have already explored protein solutions in a wide range of protein concentrations from below 50 mg/ml up to above 500 mg/ml [START_REF] Fujiwara | Dynamical Behavior of Human α-Synuclein studied by Quasielastic Neutron Scattering[END_REF][START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF]. Current topics of interest include for instance the investigation of protein cluster formation [START_REF] Grimaldo | Salt-Induced Universal Slowing Down of the Short-Time Self-Diffusion of a Globular Protein in Aqueous Solution[END_REF][START_REF] Braun | Crowding-Controlled Cluster Size in Concentrated Aqueous Protein Solutions: Structure, Selfand Collective Diffusion[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Cardinaux | Cluster-Driven Dynamical Arrest in Concentrated Lysozyme Solutions[END_REF][START_REF] Yearley | Observation of Small Cluster Formation in Concentrated Monoclonal Antibody Solutions and Its Implications to Solution Viscosity[END_REF][START_REF] Liu | Toward Further Understanding of Lysozyme Crystallization: Phase Diagram, Protein-Protein Interaction, Nucleation Kinetics, and Growth Kinetics[END_REF][START_REF] Erlkamp | Solvent effects on the dynamics of amyloidogenic insulin revealed by neutron spin echo spectroscopy[END_REF][START_REF] Porcar | Formation of the Dynamic Clusters in Concentrated Lysozyme Protein Solutions[END_REF][START_REF] Nawrocki | Slow-Down in Diffusion in Crowded Protein Solutions Correlates with Transient Cluster Formation[END_REF], the dynamics of intrinsically disordered proteins [START_REF] Stadler | Internal Nanosecond Dynamics in the Intrinsically Disordered Myelin Basic Protein[END_REF][START_REF] Callaway | Controllable activation of nanoscale dynamics in a disordered protein alters binding kinetics[END_REF][START_REF] Perticaroli | Dynamics and rigidity in an intrinsically disordered protein, β-casein[END_REF][START_REF] Gaspar | Dynamics of Well-Folded and Natively Disordered Proteins in Solution: a Time-of-Flight Neutron Scattering Study[END_REF][START_REF] Lenton | Effect of Phosphorylation on a Human-like Osteopontin Peptide[END_REF], the effect of crowding under pressure [START_REF] Al-Ayoubi | Influence of cosolvents, self-crowding, temperature and pressure on the sub-nanosecond dynamics and folding stability of lysozyme[END_REF][START_REF] Golub | The effect of crowding on protein stability, rigidity, and high pressure sensitivity in whole cells[END_REF], and thermal unfolding [START_REF] Hennig | Dynamics of Highly Concen-trated Protein Solutions Around the Denaturing Transition[END_REF][START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF][START_REF] Russo | Dynamic transition associated with the thermal denaturation of a small beta protein[END_REF][START_REF] Gibrat | Biophysical study of thermal denaturation of apo-calmodulin: Dynamics of native and unfolded states[END_REF][START_REF] Jansson | Dynamical changes of hemoglobin and its surrounding water during thermal denaturation as studied by quasielastic neutron scattering and temperature modulated differential scanning calorimetry[END_REF].

Moreover, the effect of ion-induced charges in protein solutions has moved into the focus of current research, driven by a mutual inspiration of experiments on the phase behavior of protein solutions tuned by the presence of multivalent salts [START_REF] Grimaldo | Salt-Induced Universal Slowing Down of the Short-Time Self-Diffusion of a Globular Protein in Aqueous Solution[END_REF][START_REF] Soraruf | Protein Cluster Formation in Aqueous Solution in the Presence of Multivalent Metal Ions-a Light Scattering Study[END_REF][START_REF] Zhang | Reentrant Condensation, Liquid-Liquid Phase Separation and Crystallization in Protein Solutions Induced by Multivalent Metal Ions[END_REF] and the theory of so-called patchy colloids (Refs. [START_REF] Roosen-Runge | Ion-activated Attractive Patches as a Mechanism for Controlled Protein Interactions[END_REF][START_REF] Bleibel | Two Time Scales for Self and Collective Diffusion Near the Critical Point in a Simple Patchy Model for Proteins with Floating Bonds[END_REF] and references therein).

The quasi-elastic scattering signal S(q, ω) from a protein solution depending on the energy transfer ω and magnitude of the scattering vector q can be modeled by [START_REF] Grimaldo | High-Resolution Neutron Spectroscopy on Protein Solution Samples[END_REF] 

S(q, ω) = R(q, ω) ⊗ { β(q) [ A 0 (q)L(γ(q), ω) + (1 -A 0 (q)) L(Γ(q) + γ(q), ω)] +β D 2 O (q) L(γ D 2 O (q), ω) } , ( 1 
)
where R is the spectrometer resolution function, β, β L(Γ(q) + γ(q), ω) may be replaced by a more general function such as a generalized model of internal diffusivity [START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF][START_REF] Roosen-Runge | Analytical Correlation Functions for Motion through Diffusivity Landscapes[END_REF], the Fourier transform of a Kohlrausch [START_REF] Hennig | Dynamics of Highly Concen-trated Protein Solutions Around the Denaturing Transition[END_REF][START_REF] Ameseder | Homogeneous and Heterogeneous Dynamics in Native and Denatured Bovine Serum Albumin[END_REF][START_REF] Toppozini | Anomalous and anisotropic nanoscale diffusion of hydration water molecules in fluid lipid membranes[END_REF][START_REF] Kohlrausch | Theorie des elektrischen Rückstandes in der Leidner Flasche[END_REF] or Mittag-Leffler [START_REF] Mittag-Leffler | Sur la Fonction Nouvelle E 1/α (x)[END_REF][START_REF] Kneller | Quasielastic Neutron Scattering and Relaxation Processes in Proteins: Analytical and Simulation-Based Models[END_REF][START_REF] Krasnov | Strain-dependent fractional molecular diffusion in humid spider silk fibres[END_REF] function, or the result of a molecular dynamics simulation, if applicable. In reported backscattering experiments on protein solutions, the apparent center-of-mass diffusion was consistent with simple Brownian diffusion, γ(q) = D q 2 [9, [START_REF] Braun | Crowding-Controlled Cluster Size in Concentrated Aqueous Protein Solutions: Structure, Selfand Collective Diffusion[END_REF][START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF].

To best measure S(q, ω) (equation 1), a good energy resolution to best capture γ(q) as well as sufficient ranges in q and ω to access A 0 (q) and Γ(q) are required, as discussed in the following section.

Progress in backscattering instrumentation

Cold neutron backscattering spectrometers outfitted with Silicon(111) analyzer crystals associated with the elastic wavelength λ ≈ 6.27 Å are ideally suited to observe the short-time center-of-mass self-diffusion and the superimposed internal diffusion. For a good comparison of the experimental EISF to models, a high maximum q of nearly 2 Å-1 as obtained with Si(111) analyzer crystals is very useful. An energy resolution on the order of 1 µeV is required to measure the center-of-mass diffusion. To also access the internal dynamics, a sufficient energy range is additionally needed. Finally, the possibility to simultaneously measure both the center-of-mass diffusion of proteins in rather dilute aqueous solutions and the internal molecular mo-tions of these proteins requires the high flux and good signal-to-noise ratios of the most recent backscattering spectrometers [START_REF] Frick | How IN16 can maintain a world-leading position in neutron backscattering spectrometry[END_REF][START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and SNS[END_REF][START_REF] Mamontov | A Time-of-Flight Backscattering Spectrometer at the Spallation Neutron Source[END_REF][START_REF] Van Eijck | A Case Study for Using Neutron Backscattering Instruments at Reactors in Inverted Time-of-Flight Mode[END_REF][START_REF] Wuttke | SPHERES, Jülich's high-flux neutron backscattering spectrometer at FRM II[END_REF][START_REF] Appel | Note: One order of magnitude better signal-tonoise ratio for neutron backscattering[END_REF]. These spectrometers are located at the brightest cold neutron sources [START_REF] Ageron | Cold neutron sources at ILL[END_REF][START_REF] Mansur | R&D for the Spallation Neutron Source mercury target[END_REF] and are based on advances in neutron optics such as the phase space transformation in the case of exact backscattering [START_REF] Hennig | Optimum Velocity of a Phase-Space Transformer for Cold-Neutron Backscattering Spectroscopy[END_REF] and modern neutron guide layouts [START_REF] Bordallo | Primary spectrometer neutron optics simulations for a new cold neutron backscattering spectrometer[END_REF].

So far, backscattering spectrometers have followed two complementary The spectrometer IN16B [START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and SNS[END_REF][START_REF] Frick | The new backscattering spectrometer IN16B at the ILL[END_REF] combined with its optional configuration denoted BATS (Backscattering-And-Time-of-flight Spectrometer) [START_REF] Van Eijck | A Case Study for Using Neutron Backscattering Instruments at Reactors in Inverted Time-of-Flight Mode[END_REF][START_REF] Appel | A Flexible High Speed Pulse Chopper System for an Inverted Neutron Time-of-Flight Option on Backscattering Spectrometers[END_REF] for the first time aims at providing both these concepts in one single instrument, where the BATS option represents concept [START_REF] Jasnin | In Vivo Measurement of Internal and Global Macromolecular Motions in Escherichia coli[END_REF]. BATS notably provides the possibility to tune the energy range and resolution within certain ranges by changing the chopper settings [START_REF] Appel | A Flexible High Speed Pulse Chopper System for an Inverted Neutron Time-of-Flight Option on Backscattering Spectrometers[END_REF]. For more detailed information we refer to Refs. [START_REF] Van Eijck | A Case Study for Using Neutron Backscattering Instruments at Reactors in Inverted Time-of-Flight Mode[END_REF][START_REF] Appel | A Flexible High Speed Pulse Chopper System for an Inverted Neutron Time-of-Flight Option on Backscattering Spectrometers[END_REF] and the dedicated article on BATS within this proceedings volume [START_REF] Appel | First results with the neutron backscattering and tof spectrometer option bats on in16b[END_REF]. In the following section we report on the first application of the BATS option to record a QENS spectrum on a protein solution sample. Specific IN16B/BATS software implemented in GNU Octave was used for the initial data reduction. The data analysis was carried out using software implemented in MATLAB (The MathWorks, Inc.) [START_REF] Grimaldo | High-Resolution Neutron Spectroscopy on Protein Solution Samples[END_REF]. The fit of equation 1 (lines in figure 1) demonstrates the analysis of the first spectrum from a protein solution measured on BATS. This fit was carried out for the spectra at each q-value individually, i.e. without imposing any q-dependence in the fit.

The width γ D 2 O of the Lorentzian describing the water contribution was fixed using tabled values for D 2 O [START_REF] Grimaldo | High-Resolution Neutron Spectroscopy on Protein Solution Samples[END_REF]. β D 2 O was fixed using the rescaled pure solvent signal to account for the volume occupied by the proteins [START_REF] Grimaldo | High-Resolution Neutron Spectroscopy on Protein Solution Samples[END_REF]. (Within the present accuracy, we cannot model any separate protein hydration water contribution.)

The width γ(q) (circle symbols in figure 2) accounting for the global diffusion can be fitted by a straight line (superimposed on the circle symbols in figure 2). The slope of this line results in an apparent diffusion coefficient D = γ(q)/q 2 = (4.39 ± 0.72) Å2 /ns consistent with earlier IN16B results (D = (4.14 ± 0.40 Å2 /ns [START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF]) on an equivalent sample. However, the offset γ = Dq 2 +(1.6±0.6)µeV of this line is not yet understood. It might arise from a partial cross-talking of contributions from the global and internal diffusion due to the broader energy resolution compared to IN16B, from an insufficient description of the internal motions by only a single Lorentzian [START_REF] Grimaldo | Hierarchical Molecular Dynamics of Bovine Serum Albumin in Concentrated Aqueous Solution Below and Above Thermal Denaturation[END_REF], from a possibly energy-dependent background contribution, and from the resolution data measured in a slightly different geometry.

The fit result for the linewidth Γ (square symbols in figure 2) is consistent within the errors with previous results from IN16B in the intermediate q-range. The expected improved signal-to-noise ratio with the full implemen-tation of the BATS neutron optics will substantially increase the accuracy of this information and allow for fitting more complex models. The EISF A 0 (q) (figure 3) is reasonably close to a previous IN16B result. In view of the broader energy resolution of BATS, it is consistently slightly above the IN16B result by sampling more motions as "static" within the resolution. Some uncertainties remain regarding this first test spectrum on a single sample and its interpretation, since the resolution was measured with a slightly different geometry and since an old batch of BSA proteins was used.

Moreover, an energy-dependent background may be present in the measured data, which was not considered in the analysis. For these reasons, the present data and analysis cannot serve as quantitative reference for future studies.

Nevertheless, these first data outline the promising possibilities with the large ω-range and the good energy resolution in a large q-range.

Conclusions and outlook

In this proceedings article we have discussed the use of cold neutron backscattering spectrometers to study the superimposed center-of-mass and internal molecular diffusivities of proteins in aqueous solutions. We have shown the first commissioning data recorded employing the new instrument option BATS at IN16B on a liquid suspension of BSA proteins in D 2 O. These data provide a proof of concept prior to the full implementation of all neutron optics in the BATS configuration and, thus, prior to the implementation of the full design neutron flux in the BATS configuration. Moreover, these data can already be quantitatively analyzed using established frameworks, thus pointing to the future possibilities when the full flux and optimized signal-to-noise ratio will be achieved on BATS. By modeling our data using equation 1, we separate the different contributions to the spectrum by the protein and by the solvent, respectively, via the associated signal intensities and linewidths, as well as by evaluating the additional pure solvent data. A polarization option may be of interest for the future to better experimentally separate the contributions.

We have highlighted the need for versatile backscattering options with complementary energy ranges and resolutions to study the dynamics of proteins in water. Notably, IN16B and its BATS option will provide a choice of different energy resolutions and ranges that would otherwise require the use of several instruments. These new backscattering options open up perspectives for a systematic study of various topics such as the crowding effect in protein solutions, the formation of static or transient protein clusters, the self-assembly of protein aggregates, the thermal unfolding and denaturing of proteins, and the effect of salt-induced charges in protein solutions. These experiments will profit from the large and well-suited range in q -to access the EISF and the q-dependence of the diffusion processes -as well as ω -to access both the center-of-mass and internal molecular diffusion. The increased range in ω will benefit amongst other topics the experiments on more dilute protein suspensions as well as at elevated temperatures where the overall dynamics becomes too fast for the energy range covered by the exact backscattering configuration.

D 2 O

 2 and A 0 are scalars, and L Lorentzian functions. The symbol ⊗ represents the convolution. The Lorentzian widths γ, Γ, and γ D 2 O are associated with the center-of-mass and internal diffusion of the proteins and with the D 2 O solvent contribution, respectively. A 0 (q) is the Elastic Incoherent Structure Factor (EISF).

design concepts: ( 1 )

 1 the concept of exact backscattering, where both the monochromator and analyzer single crystal reciprocal lattice vectors are oriented precisely parallel to the neutron optical axis and, thus, achieving the best energy resolution. These instruments are typically located at neutron sources that are continuous in time[START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and SNS[END_REF][START_REF] Wuttke | SPHERES, Jülich's high-flux neutron backscattering spectrometer at FRM II[END_REF][START_REF] Meyer | The highflux backscattering spectrometer at the NIST Center for Neutron Research[END_REF][START_REF] Souza | EMU: High-Resolution Backscattering Spectrometer at ANSTO[END_REF]. The excellent energy resolution in this design comes at the cost of a limited maximum energy transfer range given by the requirement that this transfer can with the current stateof-the-art only be reasonably achieved by carrying out the monochromatizing Bragg reflection in a mechanically moving reference frame. (2) The alternative design concept obtains the wavelength definition of the incident beam at the sample position by the spread with flight time of an initially very brief but polychromatic neutron pulse[START_REF] Frick | Recent Backscattering Instrument Developments at the ILL and SNS[END_REF][START_REF] Mamontov | A Time-of-Flight Backscattering Spectrometer at the Spallation Neutron Source[END_REF][START_REF] Carlile | The design of the IRIS inelastic neutron spectrometer and improvements to its analysers[END_REF][START_REF] Shibata | The Performance of TOF near Backscattering Spectrometer DNA in MLF[END_REF][START_REF] Tsapatsaris | Conceptual design of the time-of-flight backscattering spectrometer, MIRACLES, at the European Spallation Source[END_REF]. This design increases the energy range and comes at the expense of a lower energy resolution compared to concept (1).

3 .

 3 figuration (March/April 2018), we have recorded QENS data on a solution of bovine serum albumin (BSA) proteins dissolved in heavy water (D 2 O). The sample was prepared by dissolving m p = 300 mg of BSA powder as purchased from Sigma-Aldrich (catalog number A3059, batch number SLBR6762V) without further purification in V = 1.5 mL D 2 O, such that the dry protein volume fraction in the sample solution amounted to ϕ = m p v p /(V + m p v p ) ≈ 0.13 with the specific volume of BSA v p = 0.735 mL/g[START_REF] Beck | Nanosecond Tracer Diffusion as a Probe of the Solution Structure and Molecular Mobility of Protein Assemblies: The Case of Ovalbumin[END_REF][START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF]. We remark that for a conclusive interpretation of crowding effects on protein diffusion, an effective hydrodynamic volume fraction taking into account effects of nonsphericity and hydration has to be used, as explained in Ref.[START_REF] Roosen-Runge | Protein Self-Diffusion in Crowded Solutions[END_REF].Part of the prepared sample solution was filled in a cylindrical Al sample holder with 7 mm outer diameter and 0.2 mm difference between the inner and outer cylinder walls. Pure D 2 O reference data and empty can data were recorded using equivalent sample holders. The QENS data were measured at the temperature T = 295 K thermostated by a cryofurnace. The energy resolution was measured with a cylindrical Vanadium foil with the slightly smaller diameter of ≈ 6 mm than the sample cell, thus resulting in a slightly

Figure 1 :Figure 2 :Figure 3 :

 123 Figure 1: First spectrum (circle symbols) from a BSA protein solution in D 2 O recorded using the new BATS option of IN16B in a single tube of the position-sensitive detector (PSD); top: PSD tube number 1, q = 0.44 Å-1 ; bottom: PSD tube 14, q = 1.79 Å-1 . The square symbols denote the corresponding pure D 2 O solvent reference spectrum. The red solid line superimposed on the BSA/D 2 O spectrum denotes the fit of equation 1 consisting of the Lorentzian contributions with the widths γ, Γ, and γ D2O , respectively, assigned to the global diffusion (dashed line), internal diffusion (dash-dotted line) and water contribution (solid line superimposed on the D 2 O spectrum). The diamond symbols represent the resolution function measured using Vanadium.
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