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Introduction

The interferences of characteristic x-ray emission produced within a crystal, by the crystal lattice itself was demonstrated experimentally by Walter Kossel in 1935 [START_REF] Kossel | Die Richtungsverteilung der in einem Kristall entstandenen charakteristischen Röntgenstrahlung[END_REF]. These interferences lead to the observation of what are now called Kossel lines, which are analogous to the Kikuchi lines observed in electron diffraction. Since the observation of a characteristic emission requires as a first step the ionization of a core level, different ionizing radiations can be used to observe Kossel lines [START_REF] Langer | Däbritz, 75 years of Kossel patterns -past and future[END_REF]:

 Electrons from an electron gun [START_REF] Lider | X-ray divergent-beam (Kossel) technique: A review[END_REF][START_REF] Jonnard | Modulation of x-ray line intensity emitted by a periodic structure under electron excitation[END_REF][START_REF] Jonnard | Soft-x-ray Kossel structures from W/C multilayers under various electron ionization conditions[END_REF][START_REF] André | Radiation emitted by an oscillating dipole embedded in a periodic stratified structure: A direct matrix analysis[END_REF] or a scanning electron microscope [START_REF] Langer | Der Einfluß von Kristallfehlern auf Kossel und Weitwinkel Interferenzen[END_REF];  X-ray photons from an x-ray tube [START_REF] Chauvineau | Analyse angulaire de la fluorescence du fer dans une multicouche périodique Fe/C[END_REF][START_REF] Chauvineau | Lignes de Kossel observées avec des multicouches périodiques Fe/C[END_REF][START_REF] Chuev | Direct observation of anomalous Kossel lines[END_REF] or synchrotron radiation [START_REF] Marchesini | Standing waves and Kossel line patterns in structure determination[END_REF][START_REF] Schetelich | Laue and Kossel diffraction on quasicrystals by means of synchrotron radiation[END_REF][START_REF] Jonnard | Spontaneous soft x-ray fluorescence from a superlattice under Kossel diffraction conditions[END_REF][START_REF] Tu | X-ray fluorescence induced by standing waves in the grazing-incidence and grazing-exit modes: study of the Mg-Co-Zr system[END_REF]; this case is analogous to the x-ray standing wave technique [START_REF] Tu | X-ray fluorescence induced by standing waves in the grazing-incidence and grazing-exit modes: study of the Mg-Co-Zr system[END_REF][START_REF] Gog | Kossel diffraction and X-ray standing waves: two birds of one feather[END_REF] used to study the interfaces of multilayers [START_REF] Bera | Ion irradiation induced impurity redistribution in Pt/C multilayers[END_REF] or x-ray waveguides [START_REF] Rajput | Swift heavy ion induced modification in Fe/Ti system studied using X-ray waveguide structure[END_REF] as well as superficial thin films [START_REF] Zargham | On revealing the vertical structure of nanoparticle films with elemental resolution: A total external reflection X-ray standing waves study[END_REF];  Rapid charged particles (proton or ion beam) from an accelerator [START_REF] Geist | The influence of the crystal lattice on the angular distribution of X-rays emitted from a GaP single crystal by fast proton bombardment[END_REF][START_REF] Roberto | Positive-ion-induced Kossel lines in copper[END_REF][START_REF] Geist | Kossel interferences of protoninduced Al Kα radiation[END_REF][START_REF] Geist | Investigation of lattice deformation in proton bombarded GaP and ZnSiP2 by means of the proton-induced kossel effect[END_REF][START_REF] Geist | Investigation of GaN heteroepitaxial layers by means of the kossel effect technique[END_REF][START_REF] Rickards | Crystallography using the diffraction of proton induced X-rays[END_REF][START_REF] Schetelich | Recording of Kossel patterns using monochromatic synchrotron radiation[END_REF].

The technique requires a periodic structure to diffract the emitted radiation, thus it has been applied to study crystals and interferential multilayers. However, to the best of our knowledge, Kossel lines have never been observed in multilayers upon particle excitation. It is the aim of this paper to show that it is possible to study multilayers having a nanoscale period upon proton irradiation through the observation of Kossel lines.

Experimental details

The multilayer used for this experiment was a Cr/B 4 C/Sc periodic multilayer, whose period was repeated 100 times. The samples were deposited by magnetron sputtering onto a silicon substrate. The thickness of the Cr, B 4 C and Sc layers are 0.60, 0.20 and 0.92 nm respectively, as deduced from x-ray reflectivity (XRR) measurements in the hard and soft xray ranges. Thus the period of the stack is 1.72 nm. Other reflectivity measurements also showed that Cr atoms are present inside the B 4 C layers [START_REF] Burcklen | Cr/B4C multilayer mirrors: Study of interfaces and X-ray reflectance[END_REF]. The thin B 4 C barrier layers were introduced to prevent the interdiffusion between Cr and Sc layers and can also improve the thermal stability of the stack [START_REF] Prasciolu | Thermal stability studies of short period Sc/Cr and Sc/B_4C/Cr multilayers[END_REF]. The multilayer was capped with a 2.5 nm-thick B 4 C layer in order to prevent it from oxidation. Working with this Cr/B 4 C/Sc multilayer enabled us to measure well-resolved Sc and Cr K lines and to detect them at reasonable grazing angles. Indeed, this kind of short-period multilayer is chosen for microscopy or spectroscopy applications in the water window range [START_REF] Schäfers | Cr/Sc multilayers for the soft-x-ray range[END_REF][START_REF] Le Guen | X-ray spectroscopic application of Cr∕Sc periodic multilayers[END_REF] and requires well defined layers. Protons of 2.0 MeV produced by the Van de Graaff accelerator of the SAFIR Platform of the Université Pierre et Marie Curie were used to excite the sample. With such energy, the protons ionise the Sc and Cr atoms in their K shell uniformly over the full multilayer thickness. The size of the beam on the sample was approximately 2 mm and the beam current maintained between 100 and 150 nA for the duration of the experiments.

Possible evolution of the multilayer composition was monitored simultaneously via the elastically backscattered protons detected in a passivated implanted planar silicon (PIPS) detector, placed at 165° with respect to the direction of the proton beam. We present in Figure 1 the spectrum so obtained for a total proton dose of 600 µC. Protons scattered from the Cr and Sc atoms appear in the peak near 1800 keV. The area of this peak was monitored, and did not change during the measurements, indicating no measurable loss of matter induced by the beam. As a further precaution, the proton beam was moved on the sample surface, from one pristine zone to another, so that the dose did not exceed 600 µC at a given location. The scattering cross sections on the light elements are highly non-Rutherford: in particular the 11 B(p,p) 11 B cross section is much greater than the Rutherford cross-section which explains why the 11 B peak is visible in spite of the very small quantity of boron, and the highly non-Rutherford 28 Si(p,p) 28 Si cross-section is manifested in the resonant structure obtained from the thick silicon substrate.

The setup for the Kossel experiment is shown in Figure 2. The angle between the incident proton beam and the x-ray detector (SDD, silicon drift detector) was fixed at 90°. In addition to the beryllium window protecting the detector from the atmosphere, a 60 µm thick Mylar film was placed in front of the detector to block the scattered protons. Overall transmission for the Sc K and Cr K lines is greater than 0.65 [START_REF]CXRO X-Ray Interactions With Matter[END_REF] and practically zero for the Sc and Cr L lines, and also for the B and C K lines.

We rotated the sample so that the angle  between the sample surface plane and the direction of the SDD, was varied around the Bragg angle, which is around 4° for the Cr K emission and 5° for the Sc K emission (see below). The distance between the sample and the detector was 115 mm and a slit of ≈0.2 mm width was placed in front of the collimator of the SDD, giving an angular resolution of about 0.1°. 

Results and discussion

We show in Figure 4 the Kossel curves for the Sc and Cr K emissions toward the low angles and starting from zero. At each angle, the proton dose is 30 µC. The angular step is 0.2° except in the region of the strongly varying intensity where it is 0.05°. For both curves, the intensity increases first sharply and then smoothly. The intensity increase is due to the total internal reflection of the radiation emitted within the sample. The angular shift observed in Figure 4, between the onset of the Sc and Cr curves, about 0.15°, comes from the difference of the mean optical indices of the multilayer at the energies of Sc K and Cr K radiations. The sharp edge inflection point is the angle of the total internal reflection and is chosen to calibrate the angular scale. This last angle is calculated (with a typical uncertainty of ±0.01°), by optical simulation [START_REF]CXRO X-Ray Interactions With Matter[END_REF] of the reflectance at the two corresponding energies, as 0.56° for Sc and 0.42° for Cr. The uncertainty on the absolute value of the experimental angles is estimated to be 0.05° (the angular step around the inflexion point) while the relative uncertainty is lower than this value. 

Conclusion

In conclusion, we have observed for the first time the Kossel interferences of protoninduced x-ray emission lines in a multilayer. This was achieved by using a Cr/B 4 C/Sc periodic stack and observing the Sc K and Cr K characteristic emissions. Owing to the low background radiation, the x-ray spectra lead directly to the Kossel curves. The agreement between the experiments and the simulation is excellent regarding the shape and position of the Kossel features, although it may be improved regarding the contrast of these features obtained in this pioneering experiment.

The counting statistics for a given incident proton fluence could be improved by changing the angle of incidence between the protons and the sample surface and thus increasing the apparent thickness of the sample seen by the proton beam, or by using a colour camera [START_REF] Ordavo | A new pnCCDbased color X-ray camera for fast spatial and energy-resolved measurements[END_REF] sensitive both to the location and energy of the detected x-rays. This second solution could provide 1 to 2 orders of magnitude greater x-ray yield per incident proton and could open the way for systematic use of proton-induced x-ray emission with Kossel interferences to probe the nanoscale layers and interfaces of periodic multilayers. Thus, it will become possible to obtain with proton-induced x-ray emission under Kossel interferences the same kind of results and informations as those obtained by the widespread x-ray standing wave technique [START_REF] Zegenhagen | The X-Ray Standing Wave Technique: Principles and Applications[END_REF].
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 1 Figure 1: 2.0 MeV proton elastic backscattering spectrum obtained from the Cr/B 4 C/Sc multilayer. The surface energies of the various elements are indicated by the downward arrows.The scattering cross sections on the light elements are highly non-Rutherford: in particular the 11 B(p,p)11 B cross section is much greater than the Rutherford cross-section which explains why the 11 B peak is visible in spite of the very small quantity of boron, and the highly non-Rutherford 28 Si(p,p)28 Si cross-section is manifested in the resonant structure obtained from the thick silicon substrate.

Figure 2 :

 2 Figure 2: Experimental setup for the Kossel experiment. The sample is rotated so that the detection angle  is around the first order Bragg angle calculated by considering the emission wavelength and multilayer period. The x-ray and proton detectors are fixed.

Figure 3 :

 3 Figure 3: X-ray emission spectrum of the Cr/B 4 C/Sc multilayer induced by 2 MeV protons.
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 4 Figure 4: Wide scan of the Kossel curves for the Sc K (solid curve) and Cr K (dashed curve) emissions.

Figure 5 Figure 5 :

 55 Figure5shows the Kossel curves obtained in the range of the Kossel feature with a 0.05° angular step and using the angular calibration determined above. At each angular position, the total dose was 120 µC for the Sc K curve, and 150 µC for the Cr K curve. The error bars represent one standard error. Experimental curves are compared to simulations[START_REF] Chauvineau | Analyse angulaire de la fluorescence du fer dans une multicouche périodique Fe/C[END_REF][START_REF] Chauvineau | Lignes de Kossel observées avec des multicouches périodiques Fe/C[END_REF][START_REF] Chambet | Etude experimentale de la diffusion des rayons x rasants par les multicouches pour optiques X-UV[END_REF] that calculate the electric field generated within the periodic stack by the emitted radiation according to the reciprocity theorem. The parameters of the multilayer (thickness, roughness) introduced in the simulation are those deduced from XRR analyses.The simulations are convolved with an experimental function (a rectangle) having a 0.1° width representing the angular resolution of the experimental setup. Let us note that in the case of proton excitation, simulations are easier to perform than those in the cases of electron and x-ray excitations, where the depth-dependent ionization probability should be considered; electrons loose significant energy within the thickness of the stack while x-rays are either attenuated or even create standing waves within the periodic structure.

Figure 6 :

 6 Figure 6: Depth distribution of the electric field generated within the Cr/B 4 C/Sc multilayer by the emitted Sc K radiation. The calculation illustrated here is made for an angle -0.035° away from the Bragg angle. Only the capping layer and the first four periods of the multilayer are represented.
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