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Introduction

The Kossel process refers to the interference of characteristic X-rays generated within and scattered by the atoms present within a periodic micro-structure. Typical diffraction patterns are formed around the Bragg angle corresponding to the wavelength (or energy) of the emission and the period of the lattice. In 1935, Walther Kossel experimentally demonstrated such interferences for a crystalline structure [START_REF] Kossel | Die Richtungsverteilung der in einem Kristall entstandenen charakteristischen Röntgenstrahlung[END_REF]. The phenomenon was then named after him as "Kossel effect". Its observation requires two essential factors: first, the ionization of a core level in order to produce the characteristic emission; second, a periodic structure to diffract the emitted X-ray. The source for the ionization can vary. It can be X-ray provided either by 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 by 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], energetic electrons [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 energetic charged particles (protons or ions) [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 proton-induced Al Ka 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] as we report in this paper.

Studies of both crystals and interferential multilayers using various techniques have been widely

reported, but it was not until our previous paper [START_REF] Wu | Kossel interferences of proton-induced X-ray emission lines in periodic multilayers[END_REF] that the study of periodic multilayer by Kossel diffraction of X-rays generated by proton beam was first reported. We successfully observed the Kossel curves of Cr Kα and Sc Kα emissions of a Cr/B 4 C/Sc periodic multilayer irradiated by 2 MeV protons.

However due to the very small solid angle of the highly collimated detector the counting statistics were not ideal even for long acquisition times, and we mentioned in our conclusion that it might be improved by using an X-ray color camera, that is a CCD camera in which each pixel can provide an energy-dispersed X-ray emission spectrum. This allows us to avoid the angular scans in our measurements, thus reducing the overall acquisition time while allowing an improvement of statistics.

The work presented in this paper focuses on the Pd/Y based multilayers, which are designed as reflecting mirrors to work in the 7.5-11 nm wavelength range. Derivative systems are also designed with the motivation of improving the optical performance of the reflecting mirror owing to more abrupt interfaces.

Experimental details

Samples are deposited onto sliced and polished Si (100) wafers by using DC magnetron sputtering.

The originally designed structure is B 4 C(2.5 nm)/[Pd(2 nm)/Y(2 nm)] ×40 /Si. The B 4 C capping layer is added to protect the samples against oxidation. A series of samples is fabricated with 0-6% of nitrogen gas N 2 in the sputtering gas instead of pure argon because we believe that the formation of YN will help improve the thermal stability of the sample and reduce the interdiffusion between Pd and Y layers [START_REF] Xu | Enhancement of soft X-ray reflectivity and interface stability in nitridated Pd/Y multilayer mirrors[END_REF][START_REF] Wu | Study of Pd/Y based multilayers using high energy photoemission spectroscopy combined with x-ray standing waves[END_REF]. Another series of samples has B 4 C barrier layers inserted at Pd-on-Y, Y-on-Pd or both interfaces in order to prevent or reduce the interdiffusion between the Pd and Y layers [START_REF] Prasciolu | Thermal stability studies of short period Sc/Cr and Sc/B 4 C/Cr multilayers[END_REF]. The thickness of the barrier layers is 1 nm. The physical structures of the samples, including thickness and roughness of each layer are determined by grazing incident X-ray reflectometry immediately following the deposition process.

The proton beam is generated by the Van de Graaff accelerator of the SAFIR (Système d'Analyse par Faisceaux d'Ions Rapides) platform. The proton energy is set at 2.0 MeV, which is suitable to ionize the Pd atoms in their L shell uniformly through the whole multilayer. The energy loss of the proton beam is only about 0.5% after penetrating the multilayer whose total thickness is approximately 200 nm. The X-ray color camera is an iKon-M from Andor Technologies equipped with a 1024×1024 sensor array with 13×13 µm pixels. Instead of using the native spatial resolution, we select a 4×4 binning leading to a resolution of 256×256. Such selection improves the energy resolution by minimizing the charge sharing effect between adjacent pixels while still providing adequate angular resolution. It also simplifies the data treatment by reducing the size of data files. The camera spans an angular range of 2.7° corresponding to 256 horizontal pixels in Fig. 1.

For a given X-ray emission, we measure its intensity as a function of the detection angle with the X-ray color camera while irradiating the sample with the proton beam. The experimental setup is schematically presented in Fig. 1 where the X-ray color camera is placed perpendicular to the incident proton beam with a 200 µm beryllium film to filter the scattered protons. The experimentally obtained image of particle induced X-ray emission (PIXE) presented in Fig. 1 is the spatial distribution of total X-ray intensity on the detected area for B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si multilayer obtained after a 2 hour irradiation with about 35 nA of 2 MeV protons in a 2 mm beam spot. This corresponds to about 5×10 16 protons cm -2 . The Kossel feature cannot be observed on this image yet. It requires further treatment, which will be explained later, to be extracted from this image. Note that a complete X-ray spectrum is recorded by each pixel of the X-ray color camera. To identify the emission peaks, we sum the spectra recorded by all pixels in order to get more reliable statistics. An overview (intensity in log scale) of the summed X-ray spectrum of the B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si sample as well as the zoomed range of interest (intensity in linear scale) are presented in Fig. 2. The Y Kα emission can be observed on the spectrum at photon energy near 15 keV, but due to its low intensity and small estimated angular range for Kossel detection (about 0.5° grazing exit angle, in the total reflection zone), it would not be possible to observe its Kossel oscillation.

The energy calibration of the spectrum is carried out with Pd Lα (2.838 keV) and Y Kα (14.958 keV) peaks. Y Lα and Si Kα emissions are not considered because their energies are close to the low energy limit of the camera and their detection is not as efficient as Pd Lα emission. Pd Lβ emission is not discussed either because its intensity is much less than that of the of Pd Lα emission and would not bring supplementary information. The Pd Lα1 and Lα2 emissions are not resolved, the difference in their energies being less than the detector resolution of about 150 eV at Mn Kα (5.9 keV). A region of interest (ROI) is placed on the spectrum in order to distinguish the Pd Lα emission from other photons, see Fig. 3 

Results and discussion

In Fig. 6 we present the Kossel curves for Pd Lα emission of all measured samples. To facilitate the comparison of the shapes of the curves, for each sample the origin of the detection angle is set to the Bragg angle, which corresponds to the center of its Kossel oscillation. Fig. 6(a) shows the Kossel curves of the Pd/Y multilayers deposited with a proportion of N 2 within the argon sputtering gas ranging from 0 to 6%. For the Pd/Y multilayer grown in pure argon we observe no Kossel feature at all. This indicates that the intermixing is so severe that even the periodicity of the multilayer is compromised. As the proportion of N 2 increases, we start to observe the Kossel feature and its contrast (defined as the difference between the maximal and minimal intensity values as the detection angle crosses the Bragg angle) increases as well. As expected [START_REF] Xu | Enhancement of soft X-ray reflectivity and interface stability in nitridated Pd/Y multilayer mirrors[END_REF][START_REF] Wu | Study of Pd/Y based multilayers using high energy photoemission spectroscopy combined with x-ray standing waves[END_REF], the nitrogen has a positive effect in preventing or reducing the intermixing at the interfaces of the multilayer. The first one exhibits an intensity maximum at +0.05° while the latter shows rather flattened feature at the same angular position. When inserting 1 nm B 4 C at both interfaces (the sample labeled as B4C/Pd/B4C/Y_1212), the intensity maximum at +0.05° become even more obvious, however at -0.05° the intensity decrease of the curve is more flattened than the two samples mentioned above.

Here we do not present the sample mentioned in the previous section with 2 nm B 4 C barrier layer because it is considered expendable for the long-time non-damaging test. Thus it is unsuitable to be put in the comparison series. given interface or at both interfaces. For this latter series, the name of the samples refers both to the order of the layers within the period and to the thickness (in nm) of the individual layers.

To simulate the PIXE-Kossel curve, we build model of the multilayer using the structural parameters (thickness and roughness of the layers) determined by grazing incident X-ray reflectivity.

The simulation method is originally designed for X-ray fluorescence calculation under Kossel effect [START_REF] Chauvineau | Analyse angulaire de la fluorescence du fer dans une multicouche périodique Fe/C[END_REF].

It calculates the electric field generated by the emitted X-ray within the multilayer under X-ray irradiation. We make an approach in order to adapt it to the PIXE-Kossel calculation. Since the ionization is uniform through the whole multilayer, we consider the incident proton beam as an photon beam with neither attenuation nor refraction. Such approach actually simplifies the calculation. An example of the simulation is given in Fig. 7 where both experimental and simulated the PIXE-Kossel curves are presented in the near Bragg angle zone. The agreement is fairly good showing that the PIXE-Kossel curve can be used to determine the structure of multilayer stack. 

Conclusion

We have shown the feasibility of using proton induced X-ray emission combined with Kossel diffraction to characterize the structure of nanometric multilayers. We have measured the Kossel diffraction of proton induced Pd L emission in Pd/Y based multilayers. Compared to our previous experiment [START_REF] Wu | Kossel interferences of proton-induced X-ray emission lines in periodic multilayers[END_REF], we have significantly improved the data acquisition with the X-ray color camera. We also demonstrate here that the shape of the Kossel curve is very sensitive to the detailed structure of the multilayer and its interface. In particular we confirm that nitridation during the multilayer deposition process has a positive effect in preventing or reducing the interdiffusion between Pd and Y layers, and we further show that Pd/Y based multilayers with B 4 C barrier layers at different interfaces can be distinguished by the shape of their Kossel curves.

Fig. 1 .

 1 Fig. 1. Geometry of the experimental setup. θ is the detection angle. The presented experimental image is the spatial distribution of total X-ray intensity on the detector array for B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si multilayer irradiated as described in the text.

Fig. 2 .

 2 Fig. 2. Spectrum of B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si multilayer: a) overview, intensity in log scale; b) zoomed range of interest, intensity in linear scale.

  (a) where the intensity of Pd Lα emission is obtained by integrating the shadowed area. The ROI width of 100 eV is based on a compromise between obtaining good statistics and limiting the influence of the Pd Lβ emission. An image of the spatial distribution of the Pd Lα emission intensity (Fig. 3(b)) is obtained after applying the energy filtering ROI of Fig. 3(a) to the total intensity image presented in Fig. 1. While it is not possible to observe the Kossel feature in Fig. 1, now it can be clearly seen in Fig. 3(b). Finally we integrate this filtered image along the vertical pixels in order to obtain the Kossel curve which is presented in Fig 3(c).

Fig. 3 .

 3 Fig. 3. a) Selection of the ROI for Pd Lα emission; for the case already depicted in Fig. 1: b) image of the intensity of X-ray emission, of which the energy is in the ROI; c) Kossel curve depicted by integrating the X-ray emission intensity along the vertical pixel.To check the stability of the measurement and possible sample damage from the proton irradiation, we consider the sample B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si and continue measuring for over 7 hours. The result is presented in Fig.4where the curve intensities are normalized by the proton beam current and the acquisition time. We divide this series of measurements into 4-time slices and depict separately the related Kossel curves of Pd Lα emission to see if any deformation of the Kossel feature happens. The oscillation maintains its shape, indicating that the structure of the multilayer is not changed during the measurement and the proton beam causes no discernible change to the sample structure. We can safely say that the whole experiment is non-damaging because the standard acquisition time for each sample is about 2 hours.

Fig. 4 .

 4 Fig. 4. Non-damaging test of the sample B 4 C(2.5 nm)/[Pd(2 nm)/B 4 C(2 nm)/Y(2 nm)] ×40 /Si.

Fig. 5 .

 5 Fig. 5. Calibration of the detection angle using the comparison between a) experimental and b) simulated Kossel curves.

Fig. 6 (

 6 b) presents the Kossel curves of the multilayers with 1 nm B 4 C diffusion barriers at one given interface or at both interfaces.The Kossel feature of each sample can be clearly observed. For the two samples with 1 nm B 4 C barrier layer inserted at either Y-on-Pd or Pd-on-Y interfaces (noted as B4C/Pd/Y_122 and Pd/B4C/Y_212 respectively), the Kossel features are different when the detection angle is higher than the Bragg angle.

Fig. 6 .

 6 Fig. 6. Kossel curves for Pd Lα emission of all measured samples. a) series of samples fabricated with different concentration of N 2 in the sputtering gas; b) series of samples with B 4 C barrier layers at one

Fig. 7 .

 7 Fig. 7. Comparison between experimental result and simulation of the PIXE-Kossel curves of the sample B 4 C(2.5 nm)/[B 4 C(1 nm)/Pd(2 nm)/B 4 C(1 nm)/Y(2 nm)] ×20 /Si.