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The GALAXIES inelastic hard X-ray scattering end-station at Synchrotron SOLEIL

GALAXIES is an in-vacuum undulator hard X-ray micro-focused beamline dedicated to the study of the electronic structure of materials with high energy resolution using both photoelectron spectroscopy and inelastic X-ray scattering and under both non-resonant (NR-IXS) and resonant (RIXS) conditions. Due to the penetrating power of hard X-rays and the 'photon-in/photon-out' technique, the sample environment is not a limitation. Materials under extreme conditions, for example in diamond anvil cells or catalysis chambers, thus constitute a major research direction. Here, the design and performance of the inelastic X-ray scattering end-station that operates in the energy range from $ 4 keV up to 12 keV is reported, and its capabilities are highlighted using a selection of data taken from recently performed experiments. The ability to scan 'on the fly' the incident and scattered/emitted X-ray energies, and the sample position enables fast data collection and high experimental throughput. A diamond X-ray transmission phase retarder, which can be used to generate circularly polarized light, will also be discussed in the light of the recent RIXS-MCD approach.

Introduction

Inelastic X-ray scattering (IXS) using hard X-rays (! 3 keV) is continuing to develop into a well established spectroscopic tool. Insertion device development, advancements in singlecrystal analysers and improved detector technology have been the impetus in developing IXS facilities at third-generation synchrotron radiation sources over recent years. In the hard X-ray range, IXS instruments come in two flavours: very high resolution instruments with $ 1 meV resolution for phonon excitations, and medium-resolution instruments ($ 100 meV to 1 eV) mostly employed for resonant IXS, X-ray Raman scattering or X-ray emission. Examples of medium-resolution state-of-the-art hard X-ray IXS instruments can be found at the European Synchrotron Radiation Facility [START_REF] Hazemann | [END_REF]Llorens et al., 2012;[START_REF] Verbeni | [END_REF]Huotari et al., 2017;Moretti Sala et al., 2018;Glatzel et al., 2009a), the Advanced Photon Source (Fister et al., 2006;Xiao et al., 2016), the Stanford Synchrotron Radiation Light Source (Sokaras et al., 2012(Sokaras et al., , 2013)), SPring-8 (Ishii et al., 2013), the Diamond Light Source [START_REF] Diaz-Moreno | [END_REF], the Swiss Light Source (Kleymenov et al., 2011), PETRA-III (Ketenoglu et al., 2018;Sundermann et al., 2017) and the Shanghai Synchrotron Radiation Facility (Ni et al., 2018;Duan et al., 2016;Gao et al., 2013). Spectrometers based on cylindrically bent crystal analyzers using the Von Hamos geometry, and which are particularly suited to IXS at X-ray free-electron lasers, are also becoming more prevelent (Hoszowska & Dousse, 2004;Alonso-Mori et al., 2012;Szlachetko et al., 2017).

The various IXS processes (resonant and non-resonant) can be divided into several distinct techniques such as X-ray emission spectroscopy (XES), high-energy-resolved fluorescence detection (HERFD) and X-ray Raman spectroscopy (XRS). These often require very different experimental demands in terms of resolution and apparatus and there are many excellent reviews of these from both experimental [START_REF] Rueff | Magnetism and Synchrotron Radiation[END_REF]Rueff & Shukla, 2010[START_REF] Hayashi | Encyclopedia of Analytical Chemistry[END_REF]Rovezzi & Glatzel, 2014;Glatzel & Bergmann, 2005;[START_REF] Hayashi | Encyclopedia of Analytical Chemistry[END_REF]Glatzel et al., 2009b) and theoretical (Schu ¨lke, 1986[START_REF] Schu ¨lke | Electron Dynamics by Inelastic X-ray Scattering[END_REF] [START_REF] Veenendaal | Theory of Inelastic Scattering of X-rays[END_REF]Ament et al., 2011;[START_REF] De Groot | Core Level Spectroscopy of Solids[END_REF]) points of view. We have recently reported on the overall characteristics of the GALAXIES beamline (Rueff et al., 2015a) and also on the hard X-ray photoelectron spectroscopy (HAXPES) endstation (Ce ´olin et al., 2013). This article completes the description of our beamline facilities.

Major components of the GALAXIES beamline

In this section, we describe the important aspects of the GALAXIES beamline that are relevant to the operation of the IXS end-station. The source consists of a 20 mm-period invacuum Nd 2 Fe 14 B undulator (98 periods, 1.96 m long) with a peak magnetic field of 1.04 T at a minimum gap of 5.5 mm. A schematic of the optical layout of the beamline is shown in Fig. 1, where all X-ray mirrors operate at a grazing incidence angle of 5 mrad.

The first major optical component of the beamline is the silicon (111) liquid-nitrogen-cooled fixed-exit double-crystal monochromator (DCM) that provides an energy resolution of E=E ' 1.4  10 À4 FWHM. Higher energy resolution can be obtained with the DCM using the third-and fourth-order harmonics starting from 6.9 keV and 9.2 keV, respectively. Circular polarization can be generated with the diamond X-ray phase retarder (XPR), which is currently installed immediately downstream of the DCM (see Section 7). X-rays are then reflected by the M1 spherical collimating mirror, that provides harmonic rejection using selectable carbon or palladium coatings. For high energy resolution, a four-bounce high-resolution monochromator (HRM) can be inserted into the beam delivering E 100 meV FWHM bandwidth over the entire operating range for IXS measurements (Ablett et al., 2013). The HRM is currently undergoing commissioning, and high-resolution measurements performed so far have relied on the higher-order harmonics of the DCM. Two focusing modes are available at the IXS experimental endstation (Fig. 1): with the M2A toroidal mirror, the X-rays are focused onto the HAXPES experimental end-station that acts as a virtual X-ray source for the IXS KB focusing mirrors (equipped with rhodium and boron carbide coatings) to provide a micro-focused beam of $ 5 mm  5 mm FWHM. With M2A withdrawn from the beam, the beam is focused by the M2B toroidal mirror that gives higher X-ray intensity compared with the micro-focused mode (about a factor of three more due to the acceptance of the KB mirrors and reflectivity) but with a larger beam size of 30 mm (vertical)  90 mm (horizontal) FWHM. The IXS end-station is separated from the beamline vacuum by a 50 mm thin beryllium window, thus ensuring minimum absorption loss at low X-ray energies. In order to provide an accurate estimation of the photon intensity delivered for planning a particular experiment, a measurement of the X-ray flux delivered to the IXS endstation at the sample position, with the DCM and M2B toroidal mirror, is shown in Fig. 2. These measurements were made using a calibrated 104 mm-thick silicon photodiode and corrected for absorption effects including air paths, detector efficiency and at a storage ring current of 430 mA.

The GALAXIES IXS spectrometers

The GALAXIES IXS spectrometers are two integrated analyser systems that share the same support base and sample stage positioners. Both operate in the vertical scattering plane, use 10 cm-diameter spherical analyser crystals with Bragg angles from 70 to 89 in the Rowland circle geometry and use continuous 'on-the-fly' scanning. The single-axis spectrometer, Figure 1 Side-view schematic of the optical layout for the IXS end-station. Beam propagation is from left to right and distances are in metres from the centre of the U20 undulator. Beamline apertures and X-ray beam diagnostics such as beam-position monitors and imagers are not shown for clarity. Refer to the main text for details on the abbreviations used.

support base, multi-analyser arm and sample positioning stages were built by the Newport company. All stages have around 1 mm or 1 milli-degree of translation or rotational resolutions, respectively, and a schematic of the spectrometer is shown in Fig. 3. The spectrometer sits on a high-precision five-axis motorized base using stepper motors that allows the spectrometer to be aligned accurately with respect to the incident beam position. The base rests on anti-skid antivibrational pads which ensure excellent vibration damping. The six-axis sample stage, which can accommodate loads of up to 150 kg, allows for in-plane x -s translations (AE 25 mm) and height adjustments (AE 100 mm). A horizontal rotation stage (AE 180 ) is mounted beneath these translation stages, under-neath which are located two concentric goniometer cradles (AE 10 ). For certain experiments, a sample support comprising a compact horizontal rotation stage, small manual goniometer and a helium/rough-vacuum environment is available for users. For all experiments and in order to minimize absorption losses, helium flight paths are used to eliminate air paths in the set-up.

Single-analyser spectrometer

The single-analyser spectrometer uses analysers with between 1 m and 2 m radii of curvature. It is optimized for high-resolution studies in both energy and momentum space and allows for a wide range of scattering geometries. The scattering angle can be varied in both the horizontal and vertical planes by the use of the 1 and 1 rotations, respectively (Fig. 3). The analyser and detector are positioned on the Rowland circle by the use of five DC servo-motor-driven high-precision translation and rotation stages. Fig. 4 shows a photograph of this set-up superimposed with the Rowland circle geometry.

Multi-analyser spectrometer

The multi-analyser spectrometer uses four 10 cm-diameter crystal analysers with radii of curvature of 0.5 m or 1 m and was designed in collaboration with and fabricated at IMPMC-SU (Institut de Mine ´ralogie, Physique des Mate ´riaux et Cosmochimie, Sorbonne Universite ´) [START_REF] Ge ´lebart | AIP Conf. Proc[END_REF]. The multi-analyser system is fixed onto the short horizontal arm of the spectrometer (Fig. 3), and can be easily removed when required. For RIXS experiments, where the emitted energy is scanned on-the-fly, the configuration is that shown on the right-hand side of Fig. 5. In this configuration, the scan of the emitted energy is realised by changing the height of the Schematic of the GALAXIES RIXS spectrometer. Two principal rotations, 1 and 1, rotate the single-analyser and detector assembly in the vertical and horizontal planes, respectively. The multi-analyser arm can be rotated around the vertical axis by the 2 rotation. The direction of incident X-rays is along the s-axis.

Figure 4

Photograph of the IXS single-analyser spectrometer superimposed with the Rowland circle geometry (represented by the dashed red circle). Monochromatic X-rays are focused at the sample and the scattered and fluorescence X-rays are collected by the analyser crystal that selects a narrow energy band of these X-rays which are then focused at the detector position. The spectrometer energy is scanned by varying the Bragg angle of the analyser whilst maintaining the Rowland circle geometry. Note that a helium flight path, which reduces the effect of air absorption, is omitted from the photograph for clarity.

Figure 2 X-ray intensity measured between 4 and 12 keV at the IXS end-station sample position for the third (H3), fifth (H5) and seventh (H7) undulator harmonics at a ring current of 430 mA, using the silicon (111) DCM and the M2B focusing mode. In the KB focusing mode, the X-ray intensity is a factor of three less than these values (see Section 1.1).

analysers while adjusting the analyser-sample and detectorsample distances to maintain the Rowland circle condition. For non-resonant IXS or HERFD measurements, where only the incident X-ray energy is scanned and the Bragg angle of the analyser crystals remains fixed, we typically use a 2 Â 2 analyser configuration in order to increase the momentum resolution and provide a more compact arrangement (lefthand side of Fig. 5), and has been used for XRS measurements on CeCuGe 2 (Rueff et al., 2015b), lithium borate glasses (Lelong et al., 2014(Lelong et al., , 2017) ) and ancient materials (Gueriau et al., 2017). Each analyser crystal is contained in a module that comprises highly rigid spring-loaded gimble mounts that are mounted onto a 50 mm-long linear high-precision translation. Each module is then mounted on a 30 cm-long vertical translation stage that allows the Bragg angle to be selected from 75.6 to 90 for 1 m-radius analysers and covers 70 to 90 for 0.5 m-radius analysers. Currently, Si(110) and Si(111) four-crystal 1 m-radius sets are available for users.

Analyser crystals

We are constantly adding to our portfolio of analyser crystals, which are shown in Table 1 and are updated under the user guide section of the GALAXIES website (https://www.syn chrotron-soleil.fr/fr/lignes-de-lumiere/galaxies). As well as acquiring commercially available analysers, we are able to use anodic bonding for in-house fabrication (Collart et al., 2005). An extensive list of analyser crystals for many absorption and emission energies, together with their energy resolution and reflectivities, has also been published which is useful for planning experiments (Gog et al., 2013). In order to determine the overall energy resolution for an IXS measurement, it is necessary to combine the incident beam resolution [given by the bandwidth of the DCM and/or HRM monochromators (Ablett et al., 2013)], the intrinsic resolution of the analyser crystal as well as other geometrical effects such as the vertical source size contribution and Johann error [START_REF] Bergmann | Proc. SPIE[END_REF]. A signifcant improvement in predicting the reflectivity curves for spherical analyser crystals without strain relief, that includes the dominant effect of angular compression due to the analyser bending, has recently been discussed (Honkanen et al., 2014(Honkanen et al., , 2016(Honkanen et al., , 2017)).

Fig. 6 shows the estimated total resolution (FWHM) of the GALAXIES spherically bent analyers using their full available area. All geometrical contributions [START_REF] Bergmann | Proc. SPIE[END_REF] and the effect of strain (Honkanen et al., 2014(Honkanen et al., , 2016(Honkanen et al., , 2017) (see Table 1) have been included in the calculation. The highest resolution is obtained by reducing the incident X-ray beam bandwidth [currently using the Si(333) reflection of the DCM] and using 2 m-radius analyser crystals or analyzer crystals that have been strain relieved (Table 1). The Si(110) and Si(111) strain-relieved analyzers are currently used for X-ray Raman spectroscopy at Bragg angles close to Current X-ray analysers available at GALAXIES and their respective radii of curvature. The multi-analyser arranged in the IXS (non-resonant/HERFD 2 Â 2) configuration (left) and in the scanning (4 Â 1) configuration (right). type of measurements.

Sample environments

We have a wide range of sample environments available for experiments and users can install their own specialized systems. For high-pressure measurements (Ablett et al., 2015;Dorfman et al., 2015Dorfman et al., , 2016;;Baledent et al., 2015;Martin et al., 2016;Baledent & Rue, 2016), we have several types of gasdriven membrane diamond anvil cells, and a high-pressure laboratory is available for preparing and loading them. A ruby fluorescence laser measuring system is typically mounted within the experimental set-up in order to quickly determine the applied pressure. High-pressure measurements can also be made down to 4 K with a specially designed helium cryostat (Sundermann et al., 2015;Rueff et al., 2015b) and up to several hundreds of degrees Celsius with a resistive heater. A helium compressor cryostat, for measuring samples down to 15 K, a special oven allowing temperature exceeding 900 C and cryostreams are also available. To apply magnetic fields to the sample (Zimmermann et al., 2018), a compact electromagnet with drilled hole pieces that allow the incident X-ray beam to pass can deliver AE 0.7 T. A catalytic cell developed in collaboration with the ROCK beamline at SOLEIL and adapted to the RIXS geometry is also available. Finally, an experimental setup for the study of gas phase samples has also been developed (Ismail et al., 2018).

Detectors

On the X-ray spectrometer detector front, we use either a silicon drift detector (SDD), an avalanche photodiode (APD) or hybrid pixel detectors, depending upon experimental conditions. The fast SDD (SiriusSD, RaySpec, UK) has a 450 mm sensor, a collimated area of 80 mm 2 , a thick 25 mm-thick beryllium window and can be used within the entire operating energy range of the end-station. The detector is connected to an XSPRESS mini (Quantum Detectors, UK) fast digital pulse processing unit which can be used up to and above a million counts per second without saturation and incorporates accurate dead-time correction. The high dynamic range APD (FMB Oxford) has a 10 mm  10 mm area, a 200 mm-thick silicon sensor and a 40 mm opaque Kapton window. The Merlin pixel (Quantum Detectors, UK) single (256  256 pixels) and quad chip (512  512 pixels) detectors are also available, for energies above 7 keV. These hybrid detectors have 500 mm-thick sensors with 55 mm  55 mm size pixels and exhibit a very high dynamic range. One of the important benefits of these detectors is that they can increase the energy resolution when used in conjunction with dispersive analyser systems that are essential when measuring lowenergy excitations [START_REF] Shvyd'ko | X-ray Optics -High-Energy-Resolution Applications[END_REF]Huotari et al., 2005Huotari et al., , 2006;;Ketenoglu et al., 2015). In addition, the ability to define specific 'regions of interest' can help reduce background contributions and can also be used for imaging applications (Huotari et al., 2011).

Continuous on-the-fly scanning

The incident X-ray energy (combined scanning of the DCM and undulator), the energies of the single-and multi-analyser spectrometers and the sample position stages all use on-the-fly continuous scans. On-the-fly scanning is an essential prerequisite for the operation of the GALAXIES IXS endstation as it enables data collection with no dead-time thus allowing for high data collection throughput. This is particularly advantageous for radiation-sensitive materials. As an example, a HERFD scan around the iron K-edge on a 6 mmthick Fe foil, using a silicon (531) crystal analyser tuned to the Fe K emission line, with a dwell time of 0.25 s over a 0.3 eV energy interval, can be performed within 90 s with adequate statistics, which is $ 15 times faster than an equivalent scan performed in step-by-step mode. For these type of scans, the undulator speed is continuously adjusted in order to keep it synchronized with the DCM, and is typically within 1 eV of the undulator maximum intensity throughout the scan. This excellent synchronization is highlighted in Fig. 7 (left) over a 950 eV scan range with a 0.5 s dwell time over a 0.2 eV energy interval, with a total aquisition time of $ 45 min. The diagonal line is the superposition of both the DCM and undulator energies (left axis) and the blue curve is the energy difference between the two (right axis). This energy difference is more than adequate in order to stay on the maximum of the undulator emission as highlighted in Fig. 7 (right).

All on-the-fly scans are defined via commands explicit to the beamline which are based on the Python language. These commands are frequently used in macros in order to automatize the experiment once it has been optimized. A schematic of the control architecture is shown in Fig. 8. The configuration of the hardware is automatically applied once the scan information has been entered by the user. The master clock and controller(s) are simultaneously initiated at the start Estimated total resolution of the GALAXIES spherically bent analyzers. The resolution has been estimated by adding in quadrature the incident X-ray beam resolution using either the first-or third-order of the DCM, geometrical effects and analyser stress contributions (where appropiate). of the scan. During a scan, the master clock delivers individual TTL pulses of duration t (the integration time specified by the scan) and separated by a short millisecond delay (which is mostly dictated by the read-out of the detector modules).

These pulses ensure synchronization between the various hardware components during a scan. A counting card, the detector electronics and certain Newport XPS controllers are triggered by these pulses. The counting card, which is gated by the TTL pulses, is used to record the position of the the DCM and single-analyser Bragg angles (and thus their energies). The multi-analyser energy is determined by the position of the height translations of the four analyser motors that are read out synchronously from the XPS controller, in exactly the same manner in which the positions of the six-axis sample stage are determined from a different XPS controller. For the energy scans of the IXS spectrometers and the sample position, the motor trajectories are controlled by the XPS controllers. All data are stored on a server that is labelled 'File Server' in Fig. 8 in both NEXUS and ASCII formats. An example of on-the-fly scanning is shown in Fig. 9 where X-ray Raman spectroscopy has been used to elucidate the carbon speciation in ancient and historic materials such as fossils and pigments (Gueriau et al., 2017). Fig. 9 shows an XRS spectrum on a few mm-thick graphite sample around the carbon K-edge using the third order of four Si(111) analyser crystals at a Bragg angle of 86 (incident X-ray energy = 5.9 keV) in a back-scattering geometry (momentum transfer ' 5.8 A ˚À1 ). The total resolution for this experiment was 0.8 eV FWHM and the plot represents the background Left: plot showing the excellent synchronization between the DCM and undulator energies during a wide energy scan. The red diagonal line is in fact composed of both the DCM and U20 energies, and the blue curve is the difference between them. Right: profile of the third harmonic (undulator gap = 5.5 mm), where the inset shows a zoom-in around the harmonic maximum and the dashed lines around the single data point is the envelope of the difference between the DCM and undulator energies at this position, representing < 0.5% maximum intensity variation.

Figure 8

Control system schematic for GALAXIES on-the-fly scanning. These continuous scans are used for scanning both the incident (DCM and undulator) spectrometer energies and also the sample position. The master clock is used to gate the counting card and trigger the detector electronics and Newport XPS controllers. See main text for a more detailed explanation of the system.

Figure 9 XRS carbon K-edge spectra taken on graphite with four Si(333) analyser crystals set to diffract 5.9 keV X-rays (Bragg angle 86 ) in a backscattering configuration (momentum transfer of $ 5.8 A ˚À1 ). This is an average of 43 XRS scans (background-subtracted) with a total aquisition time of 2.2 h.

subtracted average of 43 scans with an overall acquisition time of 2.2 h.

Diamond X-ray phase retarder

Polarization can be controlled in a relatively straightforward manner in the hard X-ray range using XPRs. These devices, which are fabricated from low-absorbing perfect-crystal materials such as diamond or silicon, allow the horizontal polarization of the synchrotron X-ray beam to be transformed into circular, elliptical or vertical polarizations and have long been in operation at numerous hard X-ray synchrotron facilities worldwide (Logan et al., 2016;Hirano & Maruyama, 1997;Hirano et al., 1993;Giles et al., 1994aGiles et al., ,b, 1995;;Freeland et al., 2002;Lang & Srajer, 1995;Strempfer et al., 2013;Paolasini et al., 2007). The GALAXIES XPR mechanical assembly is currently fitted with a 500 mm-thick single-crystal synthetic diamond (111). The XPR operates in the Laue asymmetric transmission geometry where the ½ 1 111 reflecting planes subtend an angle of 19.47 to the XPR [111] surface and is very efficient in terms of transmission and polarization in the energy range from 6 to 9 keV. Table 2 shows the important parameters for the XPR.

One area of research where the XPR is currently being exploited is in hard X-ray resonant inelastic X-ray scattering combined with magnetic circular dichroism (RIXS-MCD). This technique allows bulk-sensitive, element-and site-selective magnetic information on complex materials to be obtained. In particular, 1s 2p RIXS in transition metal compounds, where the K(2p ! 1s) transition is recorded after resonant excitation of a 1s core electron (1s ! 3d), is of particular interest because the final state in the RIXS process 2p 5 3d n+1 is similar to that of the corresponding soft XMCD [START_REF] Caliebe | [END_REF]. The attractiveness of RIXS-MCD is not only in its potential high contrast and high penetrating power of the incident and emitted X-rays but also in the ability to tune the incident X-ray energy to a specific chemical species in mixed valent systems and perform site-selective magnetic hysteresis measurements [START_REF] Sikora | [END_REF].

The first RIXS-MCD measurements at GALAXIES were performed on Fe 3 O 4 as a previously measured test example (Sikora et al., 2010). For this experiment, a 1 m-radius Ge(440) single analyser crystal was used to record the K 1 emission line as a function of incident energy, circular polarization (left and right) and magnetic field direction (along the direction of X-ray beam propagation). An electromagnet, with 1.5 mm-diameter holes drilled through the pole pieces, allowed a magnetic field to be applied to the sample along the direction of the incident X-rays, with a maximum field of AE 0.7 T. Fig. 10 shows these results where the upper left-hand plot shows the Fe K 1 intensity as a function of incident X-ray energy for both left and right circularly polarized light with an applied field of +0.7 T along the incident X-ray beam direction, in the preedge region of the K-edge of Fe 3 O 4 . The dramatic strong magnetic contrast of $ 16% in the pre-edge region of the K-edge was found, compared with conventional K-edge absorption measurements, due to reduced lifetime broadening and increased splitting of the final-state spectral features (Sikora et al., 2010). The difference between these signals for the two magnetic field directions is shown in the bottom left of Fig. 10 and a RIXS-MCD map is displayed on the right-hand side of Fig. 10, showing the dramatic magnetic contrast in the pre-edge region as previously reported (Sikora et al., 2010).

Table 2 Parameters for the GALAXIES diamond XPR.

E is the X-ray energy. B is the Bragg angle. ! is the angular offset for circular polarization. t eff and Trans are the effective XPR thickness and corresponding transmission, respectively. P c is the calculated degree of circular polarization, taking into account the incident X-ray beam divergence. We have also recently used 1s 2p RIXS-MCD in order to determine the magnetic ground state of CrO 2 where there is a similar but smaller magnetic contrast compared with magnetite (Zimmermann et al., 2018).
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Conclusion

In this article, we have described and demonstrated the capabilities of the IXS end-station at the GALAXIES beamline. The IXS facility enables a wealth of different experimental techniques to be performed such as X-ray emission, X-ray Raman, resonant-and non-resonant scattering and HERFD spectroscopies. Hard X-ray inelastic scattering is developing into a readily accessible tool for studying the electronic properties of matter at synchrotron radiation facilities. The performance of the facility will be enhanced once the high-resolution monochromator has been commissioned and an upgrade for X-ray Raman spectroscopy comprising a 40-crystal analyser spectrometer is currently underway.
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  The energy ranges correspond to the Bragg angular range of 70 to 89 . The superscript values in the energy ranges denote the order of reflection. The Ge(310), Si(110) and Si(111) analyser crystals (in bold) are strained-relieved and * indicates a dispersive flat diced analyser.
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 10 Figure101s 2p RIXS-XMCD on Fe 3 O 4 in the pre-edge region of the K-edge. Upper left: Fe K 1 intensity as a function of incident energy for left and right circularly polarized light (LCP and RCP) with the sample magnetized along the incident X-ray direction in a field of 0.7 T. Bottom left: the difference between RCP and LCP Fe K 1 intensity as a function of incident X-ray energy for the two magnetic field directions. Right: the RIXS-MCD map showing the dramatic magnetic contrast for RCP-LCP in a magnetic field of 0.7 T.

  

Table 1

 1 

Acknowledgements

We would like to thank Dr Palyanov and co-workers at the Institute of Geology and Mineralogy of the Russian Academy of Science (Novossibirsk, Russia) for the growth of the synthetic diamond used in the XPR. Much appreciation is given to Professor T. A. Tyson for supplying us with silicon crystals at the start of this project and Dr P. Glatzel from the ESRF for lending us analyser crystals from time to time. We are extremely grateful to Professor A. Juhin and Professor Ph. Sainctavit for help and supplying the sample for the RIXS-MCD measurements on magnetite. Finally, we express our gratitude to the various SOLEIL teams including the design, engineering, computing, detector and accelerator groups for their essential support throughout this project.