Wide angle static and dynamic light scattering under shear D. Kushnir, 1 N. Beyer, 1 E. Bartsch, 2 and P. Hébraud We develop and characterize a wide angle static and dynamic light scattering under shear setup. The apparatus is suitable for the study of the structure and the dynamics of soft materials systems with sub-micron characteristic length scale. The shear device consists in two parallel plates and the optical setup allows to perform light scattering measurements in any plane that contains the gradient of the velocity field direction. We demonstrate several capabilities of our apparatus : a measurement of the evolution with shear of the first peak of the structure factor of a concentrated suspension of spherical particles, both in the compression and the extension quadrants of the shear flow, and the measurement of the velocity profile in dynamic light scattering. We present a theoretical treatment of light scattering under flow that takes into account the Gaussian character of the illumination and of the detection optical paths, in the case where the scattering volume extension is smaller than the gap of the flow cell, and compare with experimental measurements.

I. INTRODUCTION

The flow of disordered systems such as colloidal suspensions, glasses, foams, polymer suspensions or gels, involves a change of the organization of their elementary constituents. For example, flow induces distortion of the microstructure of suspensions [START_REF] Szamel | Nonequilibrium structure and rheology of concentrated colloidal suspensions: Linear response[END_REF][START_REF] Westermeier | Connecting structure, dynamics and viscosity in sheared soft colloidal liquids: A medley of anisotropic fluctuations[END_REF] , and it orients or deforms individual objects, such as polymers [START_REF] Rubinstein | Polymer Physics[END_REF] , droplets [START_REF] Bentley | An experimental investigation of drop deformation and breakup in steady, two-dimensional linear flows[END_REF] or aggregates [START_REF] Kao | Dispersion of particles by shear[END_REF] . As a consequence, the observation of the structure of these systems under flow has been recognized as an important topic and several techniques have been developed to probe their dynamics and structure under flow. While some of them, such as NMR [START_REF] Callaghan | Rheo-NMR: Nuclear magnetic resonance and the rheology of complex fluids[END_REF] or acoustic velocimetry [START_REF] Manneville | High-frequency ultrasonic speckle velocimetry in sheared complex fluids[END_REF] , allow to probe the dynamics of constituents of the systems, the description of their structure mainly relies on optical setups either in direct or reciprocal space. In real space, optical microscopy techniques have been used and full structure factor information has been obtained [START_REF] Besseling | Quantitative imaging of colloidal flows[END_REF] , but they suffer from limitations : most often, fluorescent techniques are used [START_REF] Besseling | Three-dimensional imaging of colloidal glasses under steady shear[END_REF][START_REF] Cohen | Shear-induced configurations of confined colloidal suspensions[END_REF][START_REF] Derks | Confocal microscopy of colloidal dispersions in shear flow using a counter-rotating cone-plate shear cell[END_REF][START_REF] Derks | Confocal microscopy of colloidal dispersions in shear flow using a counter-rotating cone-plate shear cell[END_REF][START_REF] Lin | A multi-axis confocal rheoscope for studying shear flow of structured fluids[END_REF][START_REF] Schall | Visualization of dislocation dynamics in colloidal crystals[END_REF][START_REF] Schall | Structural rearrangements that govern flow in colloidal glasses[END_REF][START_REF] Wu | A new parallel plate shear cell for in situ real-space measurements of complex fluids under shear flow[END_REF] , which requires specific chemical modifications. The optical resolution is moreover limited, although advances in non-linear optics has led to highly resolved techniques [START_REF] Klar | Subdiffraction resolution in far-field fluorescence microscopy[END_REF] , but to the cost of long exposure times, difficult to combine with the application of flow. Imaging a statistically relevant ensemble of individual objects requires long observation times so that a compromise needs to be performed between optical resolution, large ensemble observation and the time of experiment. Microscopy is moreover limited by multiple scattering that occurs in concentrated systems, and, even using fluorescent probes, limits the depth of observation inside the sample. In fact, most often, systems have to be specifically designed to fit the diverse constraints imposed by microscopy tools. As a consequence, scattering techniques are instruments of choice for probing the structure and dynamics of large ensembles of particles, with high temporal resolution. They lead to direct measurement of the structure factor S(q), related to the fluctuations of the compressibility of the system [START_REF] Prasad | Confocal microscopy of colloids[END_REF] . Small-Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering (SANS) [START_REF] Johnson | Structure factor distortion for hard-sphere dispersions subjected to weak shear flow: Small-angle neutron scattering in the flow-vorticity plane[END_REF][START_REF] De Kruif | Small-angle neutron scattering of sheared concentrated dispersions: Microstructure along principal flow axes[END_REF][START_REF] Eberle | Flow-sans and rheo-sans applied to soft matter[END_REF] allow to probe the structure of samples at low q-range, and recently, coherent X-ray scattering has been developed [START_REF] Amann | Shear-induced breaking of cages in colloidal glasses: Scattering experiments and mode coupling theory[END_REF][START_REF] Leheny | Rheo-xpcs[END_REF][START_REF] Rogers | Echoes in X-ray speckles track nanometer-scale plastic events in colloidal gels under shear[END_REF] and used to study the dynamics of colloidal systems under shear [START_REF] Denisov | Resolving structural modifications of colloidal glasses by combining x-ray scattering and rheology[END_REF][START_REF] Denisov | Sharp symmetry-change marks the mechanical failure transition of glasses[END_REF] . The associated wavelength being several orders of magnitude smaller than structural length scales (λ = 0.154 nm [START_REF] Amann | Shear-induced breaking of cages in colloidal glasses: Scattering experiments and mode coupling theory[END_REF][START_REF] Denisov | Sharp symmetry-change marks the mechanical failure transition of glasses[END_REF] ), small angle scattering is used (typically between 10 -2 and 1 • ), which allows to access characteristic length scales up to ≈ 100 nm, but orienting the scattering vector q relative to the flow field is challenging. For instance, in plate/plate shear flows, one has access to q ∈ (v, ∇ ∧ v) plane [START_REF] Denisov | Resolving structural modifications of colloidal glasses by combining x-ray scattering and rheology[END_REF] only, while directions of q along v and ∇v may be approximately reached using Couette geometry [START_REF] Narayanan | A microvolume shear cell for combined rheology and x-ray scattering experiments[END_REF] . Light scattering in the visible range is thus an ideal candidate for the measure of the structure and the dynamics of soft matter systems. Two light scattering techniques have been widely used under flow : Diffusing Wave Spectroscopy (DWS) [START_REF] Wu | Diffusing-wave spectroscopy in a shear flow[END_REF][START_REF] Ozon | Partial rejuvenation of a colloidal glass[END_REF] , that allows to study the dynamics of very turbid systems, has been used to probe flow non-linearities [START_REF] Durian | Nonlinear bubble dynamics in a slowly driven foam[END_REF][START_REF] Höhler | Periodic nonlinear bubble motion in aqueous foam under oscillating shear strain[END_REF] , reversibility [START_REF] Hébraud | Yielding and rearrangements in disordered emulsions[END_REF][START_REF] Petekidis | Rearrangements in hard-sphere glasses under oscillatory shear strain[END_REF] and spatial heterogeneities [START_REF] Erpelding | Diffusive wave spectroscopy applied to the spatially resolved deformation of a solid[END_REF] , but it does not allow to access sample structure under flow as q-dependent scattering information is averaged out by multiple scattering. On the other hand, Small Angle Light Scattering [START_REF] Ackerson | Hard-sphere dispersions: Small-wave-vector structure-factor measurements in a linear shear flow[END_REF][START_REF] Cipelletti | Ultralow-angle dynamic light scattering with a charge coupled device camera based multispeckle, multitau correlator[END_REF][START_REF] Aime | A stress-controlled shear cell for small-angle light scattering and microscopy[END_REF][START_REF] Aime | Probing shear-induced rearrangements in fourierspace. i. dynamic light scattering[END_REF][START_REF] Läuger | A melt rheometer with integrated small angle light scattering[END_REF][START_REF] Salmon | An optical fiber based interferometer to measure velocity profiles in sheared complex fluids[END_REF] instruments under flow have been developed, and used to measure structure factors of colloidal suspensions under flow [START_REF] Ackerson | Comparison of small shear flow rate-small wave vector static structure factor data with theory[END_REF] . Nevertheless, light detection at small angles is restricted to the study of systems that exhibit large scattering length scales. A Wide Angle Light Scattering setup, that detects scattered light at a constant diffusion angle, θ = 170 • has been recently developed [START_REF] Pommella | Coupling space-resolved dynamic light scattering and rheometry to investigate heterogeneous flow and nonaffine dynamics in glassy and jammed soft matter[END_REF] , q being close to the gradient of velocity. It does not allow neither to vary the modulus of q (equal to 33 µm -1 ) neither to change the orientation of q relative to the flow. But, under flow, the structure factor is anisotropically deformed along any direction in the (v, ∇v) plane [START_REF] Schwarzl | Shear-flow-induced distortion of the structure of a fluid: Application of a simple kinetic equation[END_REF] . In particular, under simple shear flow, one may define compression and extension directions [START_REF] Guyon | Physical Hydrodynamics[END_REF] , along which particles are pushed one against each other, or pulled apart. The deformation of the structure factor in these directions is related to the non-linear flow properties of these suspensions, such as shear thinning [START_REF] Maranzano | Flow-small angle neutron scattering measurements of colloidal dispersion microstructure evolution through the shear thickening transition[END_REF] or shear-thickening [START_REF] Seto | Microstructure and thickening of dense suspensions under extensional and shear flows[END_REF][START_REF] Martys | Stress propagation in a concentrated colloidal suspension under shear[END_REF] behaviors. The development of a wide angle Static and Dynamic Light Scattering (SLS/DLS) setup under shear would allow both to extend the range of length scales probed and to orient the scattering vector relative to the flow. Nevertheless, it remains challenging due to the sensitivity of the technique to light scattered by optical defects and impurities, in particular at optical interfaces, which imposes severe constraints to the alignment and optical quality of a setup when one of the sample container surface is moving. In this article, we introduce a wide angle light scattering setup under flow, primarily devised to study the structure factor of hard sphere suspensions at q values close to the first peak of the structure factor. The static and dynamic structure factors of a hard sphere system in the absence of flow and under shear are studied and a theoretical analysis of the light correlation under flow is developed and compared to experimental results.

II. SYSTEM AND SETUP

A. The system

The setup has been primarily developed to study the structure and the dynamics of suspensions of hard spheres under flow. Several experimental realizations of colloidal hard spheres have been developed during the last twenty years. For instance, PMMA particles suspended in a mixture of decahydronaphthalene and bromocyclohexane, that allows to match both the density and the optical index have been thoroughly studied [START_REF] Pham | Multiple glassy states in a simple model system[END_REF] , in particular, using confocal microscopy [START_REF] Lu | Gelation of particles with short-range attraction[END_REF] . Nevertheless, the index match-ing is not sufficient to allow light scattering measurements at high volume fractions and require the use of specific tools, such as two-color light scattering [START_REF] Pham | Multiple glassy states in a simple model system[END_REF] . Gel particles, that consist of reticulated polymers swollen in a solvent have been synthesized, and allow for a better index matching between the solvent and the particles. Among them, PNIPAM colloidal gels possess the advantage that their swelling ratio, and as a consequence, the volume fraction of the suspension, may be controlled by temperature. But the interaction potential is softer than that of hard spheres. Here, we consider polystyrene microgel particles suspended in a good solvent, 2-ethyl-naphtalene (2EN), of refractive index n = 1.599. The structure and dynamics of these suspensions at volume fractions corresponding to a glass phase have been studied in detail in the absence of shear [START_REF] Eckert | Re-entrant glass transition in a colloid-polymer mixture with depletion attractions[END_REF][START_REF] Schneider | On tuning microgel character and softnessof cross-linked polystyrene particles[END_REF] . Using measurements of the elastic modulus [START_REF] Schneider | On tuning microgel character and softnessof cross-linked polystyrene particles[END_REF][START_REF] Koumakis | Direct comparison of the rheology of model hard and soft particle glasses[END_REF] , it has been shown that their interaction potential is well described by u(r) ∼ r r 0 n with n as large as 99 [START_REF] Schneider | On tuning microgel character and softnessof cross-linked polystyrene particles[END_REF] . These suspensions may thus be considered as good models of hard sphere suspensions [START_REF] Royall | In search of colloidal hard spheres[END_REF] . Two different systems will be considered : dilute systems (of volume fraction 0.07 or 0.3) of monodisperse of radius 149 nm and reticulation ratio 1 : 10 (sample M149) are used to characterize the dynamic light scattering ability of our setup. Concentrated suspensions (φ = 0.56 and φ = 0.62), consisting of a mixture of 149 nm and 161 nm radius particles, and reticulation ratio 1 : 50, with a number ratio of small to large particles equal to 3.1 (sample B149 -161), are used to perform Static Light Scattering measurements. They do not exhibit crystallization, and are known to possess a liquid/glass transition at φ m = 0.58. The peak of the structure factor in the absence of shear corresponds to a scattering vector q = 26 µm -1 , corresponding to a scattering angle θ ∼ 100 • at a wavelength in vacuum λ 0 = 633 nm.

B. Optical design

We first describe the optical part of the setup and follow the notations of Fig. 1. A 30 mW, 633 nm LASER source (Melles Griot 05-LHP) of d 0 = 2 mm beam output diameter is focused with a f 1 = 1 m focal length lens (L 0 ) at a point O inside the sample. For most experiments, O is located in the middle of the gap of the shear cell, described below. A custom-made spherical lens (L) (Sill Optics, Germany) is used in order to ensure that the air/glass interface is normal do the direction of the incoming and detected light. The lens is supported by four pillars P, and four arms of adjustable length that allow to position and orient the cell relative to the rest of the setup. It is mechanically independent of the shear device located underneath. The refractive index of the lens matches the refractive index of the solvent and is truncated along a plane normal to its axis so that its center O is located inside the system, 3.7 mm below its lower planar surface. In order to avoid focusing of the incoming beam by the sphericity of the lens, the beam enters the spherical lens through a planar window, w, located at 20 • from the lens axis. It crosses a 200 µm thick layer of solvent (2EN) that allows to freely translate the shear device relative to the center O of L while keeping constant the refractive index along the incident beam path. It then crosses the upper plate of the shear cell of 3 mm thickness, and enters the sample. Under these conditions, the center of the spherical lens is then located 0.5 mm under the bottom surface of the shear cell upper plate. Light is collected with a multimode (of input diameter 105 µm; Thorlabs LG105LVA), for static light scattering measurements, or monomode (of input diameter 4.5 µm ; Thorlabs SM600) for dynamic light scattering measurements, fiber, f , equipped with a focusing lens of 4.5 mm diameter and 10 cm focal length, placed onto a goniometer arm, G, at 10 cm from the center of the cell. The alignment of the setup is performed following three main steps. First, in the absence of the lens L and of the shear cell disks, the LASER beam being vertical, it is positioned and focused onto the axis of rotation of the goniometer, materialized by a needle. The optical fiber used for detection is also focused at the same point. Second, the lens L and the disks D 1 and D 2 are successively brought to position. Their orientation, normal to the beam, are adjusted by aligning the beam with its reflexion by their surfaces using micrometer screws. Last, the incoming LASER beam is positioned at 20 • from the vertical by moving back the frame that supports the mirrors m 1 to m 3 . It is then aligned normal to the entry window w. Fine adjustment of the setup is achieved by static measurements of the intensity scattered by the solvent and looking for constant I(θ ) sin θ , as it is routinely performed for standard light scattering setup. The angle of light collection is ∆θ = 2.25 • 10 -2 rad, so that the q-accuracy of our setup at θ = 100 • is ∆q = 0.4 µm -1 . The intersection of the incoming and detection paths defines the scattering volume. Scattered photons are detected by a photomultiplier and a discriminator (ALV/SO-SIPD, ALV Gmbh, Germany) and the intensity correlation is computed using a commercial digital correlator (ALV 7004).

C. Shear cell device

The sample s is placed between two disk plates of diameter 120 (D 1 , top plate) and 50 mm (D 2 , bottom plate). The gap between the plates is 1 mm. The bottom disk is brought to rotation by a stepper motor, M (ST4118, Nanotec, Germany), reduced 64 times with a belt. The minimum angular rotation of D 2 , corresponding to a single motor step is 5 • 10 -4 rad. The shear device, consisting of the two disk plates and the rotation motor, is placed onto a motorized xy translation stage (T ) that allows the positioning of the shear flow relative to the center of the spherical lens. The xy translation has two purposes. First, changing the distance between the spherical lens center and the axis of rotation allows to control the local shear rate at which light is collected. The shear is null at the center, but, in practice, the scattering volume is chosen not closer than 2 mm from the rotation axis, leading to a minimal shear value of 10 -3 for a single motor step. Second, the position of the shear cell relative to the plane of scattering Π scatt allows to choose the angle between the velocity direction and Π scatt between 0 and π/2. These two extreme situations, corresponding to the scattering vector normal to the velocity direction (q ∈ (∇v, ∇ ∧ v)) and normal to the velocity rotational direction (q ∈ (v, ∇v) ) are represented in Fig. 1 (c) and (d). The z-translation allows to position the shear cell relative to the center of the optical lens, and to position the scattering volume inside the shear cell gap. Finally, the detection range is limited at large angles, by the width of the entry window (θ max = 170 • ), and, at small angles by the edge of the truncated spherical lens (θ min = 80 • ). Let us moreover stress that variation of θ has two consequences. It changes both the modulus q of the scattering vector and the orientation of the scattering vector relative to the flow field. Both quantities cannot be modified independently. Removal of this constraint would necessitate simultaneous change of the incident and the scattering angles, that would allow to change the orientation of the scattering vector relative to the flow while keeping its modulus constant. The range of accessible q moduli and orientations of our device are given in Fig. 2 (a). 

III. CHARACTERIZATION OF THE SETUP A. Static light scattering

We first characterize the behavior of the setup as a static light scattering device, in the absence of flow. We study the intensity scattered by a bimodal suspension B149 -161 at φ = 0.62. The scattered intensity is compared to the scattered intensity measured with an ALV-CGS3 setup, with an illumination wavelength equal to 633 nm. Results are given in Fig. 3. The peak of the structure factor is recovered, with the same shape as the one measured on the ALV-CGS3 device. Nevertheless, the scattered intensity, as measured with our setup, is shifted by 4 ± 0.49 • , relative to the intensity measured by the ALV-CGS3 apparatus. This shift does not depend on the system. It may be due to a slight mismatch in the optical refractive index of the suspension and the upper plate or to a slight mismatch between the center of rotation of the goniometer and the center of the lens L, that would lead to non-normality between the surface of L and the direction of detection. As a consequence, all angle measurements are shifted by 4 • in the rest of the article.

B. Dynamic light scattering

We characterize the Dynamic Light Scattering ability of our setup. In the absence of flow, the intensity correlation measured by our setup is in very good agreement with the correlation measured with the ALV-CGS3 device (Fig. 4). In particular, the difference between the two correlation functions, δ g 2 is distributed over positive and negative values (Fig. 4 top), meaning that our setup does not induce any systematic shift of the intensity correlation function. Moreover, the long time baseline of the intensity correlation is identical for the two setups( Fig. 4 inset) and equal to 3.4 • 10 -3 . This value is very sensitive to the detection of light scattered by impurities, in particular at the interfaces. This shows that the index matching between the lens, the disks and the solvent is such that the amount of light scattered by the shear cell interfaces, 500 µm from the scattering volume in our setup, is not larger than the intensity scattered by the cell used in the ALV setup, that uses a 1 cm diameter cuvette, 5 mm away from the scattering volume. In nominal position, the thickness of the layer of solvent between the lens L and the upper disk D 1 is 200µm and the center of the spherical lens is located at height 500 µm, in the middle of the gap. The thickness of the solvent layer can be increased, so that the center of the lens can be positioned at any height comprised between 500 µm and 1 mm. The thickness of the index matching solvent layer becomes 700 µm and surface tension is sufficient to maintain the layer. In order to position the scattering volume at heights smaller than 300 µm, we slightly move off center the illumination beam and the detection path : by changing by 0.5 • the angle between the normal of the window w, the scattering volume is lowered by 200 µm. As a consequence, the scattering volume is not aligned with the goniometer axis. Nevertheless, the angle being kept constant, this does not affect the measured dynamics, as seen in Fig. 5 (a). This thus allows to measure the intensity correlation function at any height in the sample. The intensity correlation functions of a φ = 0.3 suspension B149 -161 are given in Fig. 5 in the absence of flow (a) and under flow at γ = 5 s -1 (b). In the absence of flow, the intensity correlation function does not depend on the height of the scattering volume inside the gap, from 100 µm above the lower surface up to 100 µm below the upper surface. This is consistent with the extension of the scattering volume, of ≈ 100 µm extension, and shows that the measurement is insensitive to light reflection at the interfaces of the shear plates. The field correlation function decays as e -t/τ with τ = 9.51 ms (Fig. 5 (a) inset). This is consistent with the decay time of a Brownian particle in an effective medium of viscosity given by the Krieger-Dougherty [START_REF] Krieger | A mechanism for non-newtonian flow in suspensions of rigid spheres[END_REF] Close to the lower surface, where the deformation is applied, the time at haft decorrelation, τ 1/2 is smaller (Fig. 5 (b) and (b) top inset). This shows that the dynamics is not homogeneous inside the gap. Nevertheless, the overall autocorrelation functions may be rescaled by τ 1/2 , and a good overlap is obtained (Fig. 5 (b) bottom inset). Thus the motions of the particles at any height, follow a shear deformation, but that a higher shear rate forms close to the lower surface . This suggests that shear banding, generally observed for suspensions with attractive interactions [START_REF] Schneider | On tuning microgel character and softnessof cross-linked polystyrene particles[END_REF] , occurs in our system. These measurements show the ability of our setup to measurement local shear rates, with spatial resolution of ≈ 100 µm.

IV. STRUCTURE FACTOR UNDER FLOW

We now study the scattered intensity under flow, with two geometries : the scattering vector belongs to the (v, ∇v) plane (configuration of Fig. 1(c)) and to the plane (∇v, ∇ ∧ v) (configuration of Fig. 1(d)). The peak position is then at a defined angle, ±17.5 • relative to the ∇v direction (corresponding to positions A and B in Fig. 2 (a)) and we study both situations. This is in particular relevant in the (v, ∇v) plane, where these two configurations correspond to the compression and the extension quadrants of the simple shear deformation (Fig. 2 (b)). Peclet numbers (Pe = γa 2 D where γ is the shear rate, a the average radius of the particles and D = 4.6 • 10 -13 m 2 •s -1 their diffusion coefficient) ranging from 0 to 7 • 10 -1 are studied, and results are given in Figs. 6 (a) to (d) . The black curve corresponds to the structure factor at rest, and grey curves to structure factors under flow. In the (v, ∇v) plane, the peak is shifted towards larger (respectively smaller) q-values in the compression (respectively extension) quadrant. In both cases, the peak amplitude decays. The deformation of the structure factor is less important in the (∇v, ∇ ∧ v) plane, the peak position and height are almost constant, but a broadening of the peak occurs at low q values. A few theories are available to describe the deformation of the structure factor at rest. They can be organized in two categories : those that solve a convective diffusion equation for the pair correlation function g(r, Pe) [START_REF] Russel | Nonequilibrium statistical mechanics of concentrated colloidal dispersions: Hard spheres in weak flows[END_REF] , valid in the limit of very low Pe and those that ignore hydrodynamic interactions and consider a kinetic equation for the structure factor. As they consider S(q), these theories may be compared to experimental measurements of structure factor under shear, and we consider more specifically here the model of Schwarzl and Hess [START_REF] Schwarzl | Shear-flow-induced distortion of the structure of a fluid: Application of a simple kinetic equation[END_REF] , which relies on a simple exponential ansatz for the damping of the structure factor under flow. It has been shown to describe qualitatively the structure factor under flow of PMMA particles [START_REF] Ackerson | Shear-induced order in suspensions of hard spheres[END_REF] . The distortion of the structure factor of the solution under flow is calculated under the assumption that the time evolution of g, ∂ g ∂t is equal to the sum of a flow advection term γr y ∂ g ∂ x where x is along the flow velocity direction and r y is the projection of r along the velocity gradient, and of a damping term, D(g), that ensures that the suspension goes back to an equilibrium state, after cessation of flow. The damping term is assumed to possess a unique relaxation time and to be of the form D(g) = 1 τ (gg eq ) (see Eq. 6 of [START_REF] Schwarzl | Shear-flow-induced distortion of the structure of a fluid: Application of a simple kinetic equation[END_REF] and Eq. B7 in the reciprocal space.) As a starting point, we take the Percus-Yevick description of the structure factor of monodisperse hard spheres at rest 57 (Appendix B). It predicts a first peak of the structure factor at q max R = 3.8 and width at half height δ qR = 0.22 whereas the measured peak is slightly shifted towards larger q values (q max R = 4) and is much broader (δ qR ∼ 0.9). These discrepancies are due to the fact that our suspension is not monodisperse and that its volume fraction is too high to be correctly described by Percus-Yevick approximation [START_REF] Ackerson | Comparison of small shear flow rate-small wave vector static structure factor data with theory[END_REF] . The Schwarzl and Hess model uses the structure factor at rest as a reference, so we consider the evolution of S(q) under shear, relative to its properties at equilibrium, and consider the evolution of the position of the peak and of its height, relative to their value in the absence of shear, q max /q 0 max and S max /S 0 max , as experimentally measured and as computed by the application of the Schwarzl and Hess model to the Percus-Yevick structure factor. Fig. 6 (e) to (g). Qualitatively, the Schwarzl and Hess theory describes the evolution of the peak of the structure factor under flow. redThis theory has been shown [START_REF] Ackerson | Comparison of small shear flow rate-small wave vector static structure factor data with theory[END_REF] to predict correctly the q -→ 0 limit, where one finds that the maximum of the structure factor increases in the compression quadrant whereas it decreases in the extension quadrant. This result is directly related to the increase of isothermal compressibility in the comrpession quadrant and its decrease in the extension quadrant. Our results, obtained at the peak of the structure factor, are not amenable to such a direct thermodynamic interpretation, and tend to show that Schwarzl and Hess model underestimates the change of structure in the extension quadrant, at this q range.This may be related to the fact that the relaxation on this length scales cannot be described by a single exponential relaxation. Indeed, it is known that the suspension exhibits a wide distribution of relaxation times, at volume fractions close to the glass transition [START_REF] Schneider | On tuning microgel character and softnessof cross-linked polystyrene particles[END_REF] .

V. EXPRESSION OF THE FIELD AUTOCORRELATION FUNCTION

We now study the dynamic intensity correlation functions under flow measured with our setup. One assumes that the sample is illuminated by a planar wave of infinite extension [START_REF] Ackerson | Dynamic light scattering at low rates of shear[END_REF] . The field scattered by N particles is :

E s (q) = N ∑ j=1 E 0 e iq•r j (1) 
When particules are submitted to a simple shear of amplitude γ, their positions change according to : r j (γ) -r j (0) = γzu x , so that the field autocorrelation function G 1 (q, γ) at this shear amplitude is given by :

G 1 (q, γ) = ∑ i, j |E 0 | 2 e iq•r j (γ)-r i (0) (2) 
= |E 0 | 2 ∑ j e -iq x γz j (3) = 1 e e/2
-e/2 e -iq x γz dz (4)

= |E 0 | 2 2 sinc q x γe 2 (5) 
where we have assumed that the positions of the particles are uncorrelated and homogeneous, and where e is the extension of the scattering volume along the z-direction. One observes from Eq. 4 that uniform translation of the scatterers does not contribute to the decorrelation of scattered field, and that, under this assumption, the field autocorrelation is due solely to the relative displacement of the scatterers. This description overestimates the characteristic decay time of G 1 (Fig. 7(b)). This is due to the fact that it ignores that the intensity is not homogeneous inside the scattering volume, so that even a pure translation of the scatterers should induce a change of the scattered intensity, and thus contribute to the decorrelation of the signal. Taking this effect into account, Aime et al. [START_REF] Aime | Probing shear-induced rearrangements in fourierspace. i. dynamic light scattering[END_REF] studied the limit under which the thickness of the shear cell is small compared to the extension of the scattering volume, in the low angle scattering regime. Here, we take into account the Gaussian character of both the illumination and detection optics and consider the case where the extension of the scattering volume is smaller than the gap of the shear cell, and located far away from the cell boundaries. Indeed, the waist of the illuminating beam, defined as the distance from the focal point in a plane normal to the direction of propagation, at which the intensity is 1/e its maximum value, is w 0 = 100 µm, and the waist of the detected volume w s = 143 µm. The Rayleigh lengths, defined as the length from the focal point along the direction of propagation at which the intensity is half of its maximal, are much longer (respectively 50 and 180 mm). This implies that the scattering volume may be seen as the intersection of two cylinders. The intensity and the detection efficiency are almost constant along their axis, but decreases with a Gaussian shape along the radial direction. Following this description, we provide an analytical expression of the field correlation function under shear. A. Theory of dynamic light scattering under shear Under shear, the contribution of the decorrelation is not only due to the motion of the particles relative to others, but also to the fact that under a Gaussian illuminating field, the overall motion of the scatterers induce a change of the scattered intensity. Let us develop a theoretical description of light scattering under shear under the condition that the extension of the Gaussian beam is smaller than the width of the sample. The notations are defined in Fig. 7 (a). We first consider the triedra T = (x, y, z) relative to the laboratory frame and centered in the center of the gap of the shear cell, x being along the v direction, and y along ∇v. T = (x , y , z ) is obtained by rotation of T so that the incoming light propagates along -y and T = (x , y , z ) so that scattered light propagates along y . α is the angle between u x and u x and β the angle between u x and u x . The scattering angle θ is given by πβ + α (by convention, β > 0 and α < 0, see Fig. 7 (a)) [START_REF]The angle φ between the scattering vector q = k outk 0 and the velocity direction, u x , is φ = β + π 2 -θ 2 = 3β 2 -α 2 . φ[END_REF] . The incident electric field is, in the paraxial approximation [START_REF] Born | Principles of Optics : Electromagnetic Theory of Propagation, Interference, and Diffraction of Light[END_REF]61 :

E in = E 0 w 0 w(y ) e -iky e --ρ 2 w 2 (y ) e ik ρ 2 2r(y ) (6) 
where k = 2πn λ 0 is the wave number, w(y ) = w 0 1 + (2y /kw 2 0 ) 2 , r(y ) = y 1 + (kw 2 0 /2y ) 2 and ρ 2 = x 2 + z 2 . Given the parameters of our optical setup, this expression can be simplified. The waist of the beam is w 0 = f 1 λ πd 0 = 100 µm where f 1 is the focal length of the focusing lens and d 0 the beam diameter, and the Rayleigh length, kw 2 0 2 = 30 cm, is large compared to the distance from the focus, y , so that 2y kw 2 0 1 and w(y ) ≈ w 0 and the radius of curvature r(y ) diverges as 1/y , so that the transverse factor is e ik ρ 2 2r(y ) = 1. Finally, the field is described by the product of the longitudinal phase factor and the simplified amplitude factor :

E in = E 0 e -iky e -ρ 2 w 2 0 ( 7 
)
Scattered light is collected by a monomode optical fiber whose entrance is conjugated with the scattering volume and the detection function of our setup has a similar Gaussian shape of waist w s 61, [START_REF] Gu | Advanced Optical Imaging Theory[END_REF] . The field scattered by a particle j at position (x, y, z) is :

E s j (α, β ,t) ∝ E 0 e -ik(y (t)-y (t)) e -ρ 2 w 2 0 e -ρ 2 w 2 s (8) 
w s being the waist at the focal point of the detection lens. The autocorrelation function of the total scattered field is :

G 1 (α, β ,t) = N ∑ j, j E s j (α, β , 0)E s * j (α, β ,t) (9) 
= N ∑ j E s j (α, β , 0)E s * j (α, β ,t) (10) 
= N d 3 rE s (α, β , 0)E s * (α, β ,t) (11) 
where it is assumed that the positions of any pair of scatterers is uncorrelated and that the scatterers are uniformly distributed in space. Thus :

E s (α, β , 0)E s * (α, β ,t) = |E 0 | 2 d 3 re -ik(y (t)-y (0)-y (t)+y (0)) e - ρ (t) 2 +ρ (0) 2 w 2 0 e - ρ (t) 2 +ρ (0) 2 w 2 s ( 12 
)
and the relative displacement of the scatterers is due to the application of a simple shear field. We assume that w 0 and w s are much smaller than the gap of the cell, h, and that the scattering volume does not intersect the cell boundaries. The summation may be performed over entire space, between -∞ and ∞. In the triedra T , the expression of the scattered electric field in Eq. 12 becomes :

E s (α, β ,t) = E 0 ∞ -∞ d 3 re -ik(δ sx+δ sy) e -c 2 x 2 +s 2 y 2 +2csxy+ z 2 w 2 (13) 
with

c 2 = cos 2 α w 2 0 + cos 2 β w 2 s ( 14 
)
s 2 = sin 2 α w 2 0 + sin 2 β w 2 s ( 15 
) cs = sin α cos α w 2 0 + sin β cos β w 2 s ( 16 
) δ s = sin α -sin β (17) 
δ c = cos β -cos α (18) 1 w 2 = 1 w 2 0 + 1 w 2 s ( 19 
)
As the characteristic lengths w 0 and w s of the incident and detection volumes are small compared to the shear cell thickness, the integrations are performed over entire space, and the Gaussian integrals may be computed analytically. The integration over z (along the ∇ ∧ v direction) leads to a constant factor relative to γ. Up to factors that do not depend on the shear amplitude, the integration over x finally gives :

g 1 ∝ dye c 2 2 γ 2 +2s 2 -2 cs 2 c 2 y 2 +(-1 2 c 2 hγ 2 -ikδ sγ)y (20) 
which leads to the final expression of the field autocorrelation function :

g 1 (t) ∝ c 2 2 γ 2 + 2s 2 - 2cs c 2 1/2 e 1 4 c 2 h 2 γ 4 +( 1 8 c 2 h 2 -k 2 δ s 2 )γ 2 4( c 2 2 γ 2 +2s 2 -2cs c 2 ) (21) 
where c 2 , s 2 , cs and δ s are geometrical factors that depend on the angles α, β and on the width of the Gaussian spots, w 0 and w s and where we have omitted a normalization factor that does not depend on γ.

B. Experimental results

Normalized field correlation functions are plotted as a function of time and deformation in Fig. 7 (b) and (c). Under shear, the characteristic decay time shortens compared to the decay in the absence of flow. Its decay is well described by Eq. 21 with no adjustment parameter, both as a function of the deformation amplitude γ and as a function of time t. Nevertheless, a slow decay mode is observed. This indicates a long lived correlation between the positions of the particles, that may be due to hydrodynamic interactions between particles.

VI. CONCLUSION

We have presented a wide-angle light scattering under shear where the scattering angle can be varied between 80 • and 170 • , corresponding to q-range equal to [19, 29] µm -1 . The shear is applied between two parallel plates, and the q-vector direction can be positioned in any plane that contains the gradient of the velocity field. This contrasts with usual small-angle scattering setups under shear where the q vector is normal to the gradient of velocity. Our setup opens new possibilities to study the structure of soft matter systems. We have demonstrated the capability of our setup to measure the static structure factors under shear in the (v, ∇v) and in the (∇v, ∇ ∧ v) planes. As for dynamic light scattering under shear, we have developed a theoretical description of the scattered intensity correlation function under shear that takes into account the Gaussian character of the illumination and the detection optics, and that is valid when the characteristic length of the scattering volume is smaller than the gap of the shear cell. We have shown that we can quantitatively measure the dynamics of the particles. The setup allows to perform periodic oscillations and to study the reversibility of particles trajectories at the q -1 scale, larger than the scale probed with echo experiments in Diffusing Wave Spectroscopy [START_REF] Hébraud | Yielding and rearrangements in disordered emulsions[END_REF] . By design, the motor and the lower disk may be replaced by a rheometer head, which would allow to measure simultaneously the mechanical response of the studied samples. This device thus allows to study a wide range of problems related to the flow of concentrated suspensions, such as shear banding, flow reversibility at the elastoplastic transition [START_REF] Adhikari | Memory formation in cyclically deformed amorphous solids and sphere assemblies[END_REF] or the effect of shear on aging and rejuvenation of suspensions [START_REF] Viasnoff | Rejuvenation and overaging in a colloidal glass under shear[END_REF][START_REF] Kaloun | Aging of a colloidal glass under a periodic shear[END_REF] . A key property of our setup lies in the fact that the optical elements have been designed to match precisely the optical index of the system. This is necessary to avoid scattering of light from the interfaces. The study of other organic systems, whose optical indexes may be matched by optical glasses (between 1.45 and 2) requires only the replacement of the disks and the spherical lens with disks and lens of identical shape. Nevertheless, the study of suspensions in water remains difficult due to strong refraction and scattering and the interfaces that limits the signal over noise ratio of the light detection. Another limitation of our setup lies in the fact that the scattering vector orientation and modulus cannot be controlled independently. This limitation might be overcome by simultaneous change of the illumination and detection angle. Peclet number q scattering vector, q = k out -k 0 q max q value at the maximum of the structure factor S(q) structure factor S 0 (q) structure factor in the absence of shear (u x , u y , u z ) direct triedra defined by the velocity, the velocity gradient and the vorticity (u x , u y , u z ) direct triedra such as u y = -k 0 /k 0 (u x , u y , u z ) direct triedra such as u y" = k out /k 0 v velocity w 0

1/e 2 incident beam radius at the focal point w(y )

1/e 2 incident beam radius at distance y from the focal point where a(φ , q) = -

1 q 2 (1 + 2φ )λ 1 + 12φ λ 2 d + 12φ λ 1 d 2 q 2 (B3) b(φ , q) = d q 1 + φ 2 λ 1 + 6φ λ 2 (B4)
-6φ (2λ 2 + λ 1 ) 1 d 2 q 2 + 12 φ λ 1 d 4 q 4 (B5) c(φ , q) = 12 dq 3 λ 2 -λ 1 q 2 φ (B6) λ 1 and λ 2 being functions of the volume fraction : λ 1 = (1+2φ ) 2 (1-φ ) [START_REF] Bentley | An experimental investigation of drop deformation and breakup in steady, two-dimensional linear flows[END_REF] and λ 2 = -(2+φ ) 2 4(1-φ ) [START_REF] Bentley | An experimental investigation of drop deformation and breakup in steady, two-dimensional linear flows[END_REF] . Then, following Schwarzl and Hess [START_REF] Schwarzl | Shear-flow-induced distortion of the structure of a fluid: Application of a simple kinetic equation[END_REF] , we assume that

∂ δ S ∂t -γq x ∂ δ S ∂ q y + 1 τ δ S = γq x ∂ S 0 ∂ q y (B7)
where S 0 is the structure factor in the absence of flow and δ S = S -S 0 is the difference between the structure factor under flow and the structure factor at rest, leading to eq. 12 of Ref. [START_REF] Schwarzl | Shear-flow-induced distortion of the structure of a fluid: Application of a simple kinetic equation[END_REF] : S(q x , q y , q z ) = ∞ 0 dαe -α S(q x , q y + α γτq x , q z ) (B8)

This expression is used to compute numerically the structure factor in the (v, ∇v)s plane at different shear rates.

Figure 1 .

 1 Figure 1. (a) Schematic view of the light scattering under shear setup. m 1 , m 2 and m 3 are mirrors mounted onto kinematic mounts that allow the orientation of the incoming light, focused by lens L 0 , of focal length 1 m, inside the sample. Mechanically independent parts are indicated by different patterns. Four pillars ( P, ) support the spherical lens L. A goniometer arm (G, ) supports an optical fiber, f , that collects scattered light. Finally the shear cell, controlled by motor M is positioned onto a xy translation stage T ( ). (b) Enlarged view of the shear cell as seen from the right side of (a). k 0 and k out are the incident and detection wave vectors. They define the scattering plane Π scatt . L is a spherical lens of 50 mm diameter and center O. The optical axis of the lens is ∆ O . The beam enters L through a planar window w at 20 • from the spherical lens axis. D 1 and D 2 are two glass disks of diameters 120 and 50 mm and of thickness 3 mm. D 2 is brought to rotation by a step motor (M in (a)) of mechanical axis ∆ M . The sample, of 1 mm thickness, is placed between D 1 and D 2 . An optical trap is placed under the cell in order to avoid light reflections. (c) and (d) Two positions of the optical axis ∆ O ( ) relative to the mechanical rotation axis, ∆ M ( ) are shown. (c): the scattering plane Π scatt is normal to ∇ ∧ v, and (d), the scattering plane Π scatt is normal to the flow velocity v. The thick circle represents the lens L, and the thinner circles represent disks D 1 and D 2 .

Figure 2 .

 2 Figure 2. (a) Polar representation of the scattering vector q as a function of its angle relative to the flow, either in the (v, ∇v) plane or in the (∇ ∧ v, ∇v) plane . The continuous black line represents accessible q-values. The dashed black line corresponds to q-values obtained by flow reversal. Scattering vectors associated to the extremal values of the scattering angle, 80 • and 170 • , are represented, corresponding to an orientation of q equal to 120 • and 75 • with the flow (or flow vorticity) direction and a modulus 20.4 µm -1 and 31.6 µm -1 . Dashed grey line : arc of circle of radius q peak . The positions of the peak of the structure factor at rest are determined by the intersection between these curves and are indicated by A (located in the compression quadrant of the flow field) and B (located in the extension quadrant of the flow). (b) Definition of the compression (indicated by red arrows and arcs) and extension (indicated by blue arrows and arcs) of a simple shear flow field 44 .

Figure 3 .

 3 Figure 3. Intensity scattered by a suspension B149-161 of volume fraction φ = 0.62 as measured with ALV-CGS3 (empty circles) and with the developed setup (solid circles). Dashed (resp. solid) lines are quadratic adjustments of the data ±7 • around the peak. The angles corresponding to the intensity measured with the light scattering under shear setup has been shifted by 4 • . The peak position after shift is indicated by the vertical line and obtained by quadratic adjustments of the height of the peaks (solid and dashed lines), that give θ max = 100.12 ± 0.09 • for the ALV-CGS3 data and θ max = 99.98 ± 0.48 • for our setup.

Figure 4 .

 4 Figure 4. Intensity autocorrelation of a suspension M149 of volume fraction φ = 0.07 measured at a scattering angle θ = 105 • , with ALV-CGS3 setup (thin continuous line) and the light scattering under shear device (thick dashed line). Inset: same data represented in double log-log plot. The red dashed curve is an adjustment of the autocorrelation function measured with our setup according to : g 2 (t) -1 = (1b)e -t/τ + b, leading to the baseline value b = 3.4 • 10 -3 . Top: difference between the two measured intensity correlation functions.

  relationship, η = η 0 1 -φ φ m -5/2φ m = 8.6 •10 -3 Pa•s, leading to τ = 10.3 ms Under flow, the situation is different : the characteristic decay time of the intensity scattering function depends on the position of the scattering volume inside the gap.

Figure 5 .

 5 Figure 5. Dynamic structure factor of a monodisperse suspension (M149) of volume fraction φ = 0.30 at different heights inside the gap of the shear device from 100 µm above the lower surface up to 100 µm below the upper surface, at θ = 100 • . (a) Dynamic structure factor at rest. The shape of the correlation function does not depend on the position of the scattering volume inside the gap. Inset Fit of the dynamic structure factor measured at the center of the cell. Only one experimental point out of 10 is represented for clarity. Continuous line is a stretched exponential adjustment of the data : e -(t/τ) α , with parameters τ = 9.8 ms and α = 0.92. (b) Dynamic structure factor under flow, in the (v, ∇v) plane, at γ = 5s -1 . The characteristic decay time is constant up to 600 µm below the (static) upper surface, while the dynamics is faster up to 400 µm above the lower surface. Top right inset Half correlation times of the intensity correlation functions as a function of height. Bottom left inset Intensity correlation functions as a function of rescaled time t/τ 1/2 .

Figure 6 .

 6 Figure 6. Structure factors of a suspension B149 -161 at φ = 0.56 under flow, normalized by the maximum of the structure factor in the absence of shear, S 0 max . (a) and (b) Structure factors in the plane (v, ∇v) in the compression (a) and the extension (b) quadrant of the flow. (c) and (d) Structure factors in the plane (∇v, ∇ ∧ v). (a) and (c) (resp (b) and (d)) correspond to position A (resp B) of Fig. 2 (b). Each curve corresponds to a different Pe = γa 2 D . From black to light grey, Pe = 0, 7 • 10 -3 , 1.8 • 10 -2 , 3.6 • 10 -2 , 7.1 • 10 -2 , 0.18, 0.36 and 0.71. (e) to (h) Height of the maximum of the structure factor relative to the maximum under no shear, S max (q)/S 0 max (respectively of the abscissa q max /q 0 max of the peak), in the compression (e) (resp. (g)) and extension f) (resp. (h)) flow quadrants. Circles linked with thin lines are experimental data while thick lines are the result of Schwarzl and Hess 43 model.

Figure 7 .

 7 Figure 7. (a) Triedras used to express the correlation functions. T = (x, y, z) corresponds to (v, ∇v, ∇ ∧ v), T = (x , y , z ) is such that u y is parallel and opposite to k 0 and T = (x", y", z") is such that u y is parallel to k out . The convention for sign angles is indicated by the ⊕ symbol. Given the position of the LASER entry window, w, α = -20 • , while the accessible range of θ is [80 • , 170 • ]. The figure illustrates the situation corresponding to q oriented in the compression quadrant of the flow. Reversal of the flow velocity allows to position q in the extension quadrant. (b) and (c) Field correlation functions under shear of a suspension M149 of volume fraction φ = 0.07. (b) Field correlation functions as a function of time. From right to left, γ = 0, γ = 5.5, γ = 8.25 , γ = 11 , and γ = 22 s -1 . (c) Field correlation functions as a function of the deformation γ for shear rates γ = 5.5, 8.25 , 11 and 22 s -1 . The dashed line corresponds to the expression of the field correlation for plane waves given by Eq. 5. Field correlation values are the same as in (b). In graphs (b) and (c), continuous lines correspond the theoretical expression given by Eq. 21.
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  A: List of symbols α angle ∠(u x , u x ) β angle ∠(u x , u x ) γ, γshear, shear rate η 0 , η viscosity of the solvent, viscosity of the suspension θ scattering angle ∠(k 0 , k out ) λ 0 LASER wavelength in vacuum Π scatt scattering plane (k 0 , k out ) ρ , ρx 2 + y 2 , x 2 + y 2 gap of the shear cell k 0 , k out , k 0 incident and scattering wave vectors, and their modulus n solvent optical index Pe

	φ	particle volume fraction
	a	average radius of particles
	d 0	illuminating beam diameter
	D	diffusion coefficient of particles of radius a
	E in	incident field
	E s	total scattered electric field
	E s j	electric field scattered by particle j
	f 1 , f 2	illumination and detection lenses focal lengths
	G 1	field correlation function
	g 2	normalized intensity correlation function
	h	
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Appendix B: Structure factor under shear

We detail here the model used to analyze the structure factors under shear. First, we consider the structure factor of a suspension of hard spheres, with the Percus-Yevick 57,66 closure. The direct correlation function is :

for r > d and c(r) = 0 for r < d, which, using the Ornstein-Zernike relation 1 S(q) = 1n c(q), leads to : 1 S(q) = 1 -4πn q [a(φ , q) sin qd + b(φ , q) cos qd + c(φ , q)] (B2)