Contrib. Astron. Obs. Skalnaté Pleso 48, 437 – 445, (2018)

Kirkpatrick Baez X–ray optics for astrophysics: Recent status

R. Hudec^{1,2}, L. Pina^3, V. Marsikova^1, O. Nentvich^1, M. Urban^1 and A. Inneman^1 1 Czech Technical University in Prague, Faculty of Electrical Engineering Technicka 2, Prague 166 27, Czech Republic (E-mail: hudecren@fel.cvut.cz) 2 Engelhardt Astronomical observatory, Kazan Federal University, Kremlyovskaya street 18, 420008 Kazan, Russian Federation 3 Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering, Brehova 7, Prague 115 19, Czech Republic

Received: December 22, 2017; Accepted: March 5, 2018

Abstract. X-ray optics in Kirkpatrick Baez arrangement represent promising alternative to Wolter optics in common use. We present briefly recent status of design, developments, and tests of this kind of X–ray optics including Kirkpatrick Baez module developed and tested within the EU AHEAD project. Key words: X–ray optics – X-ray telescopes – X–ray astrophysics

1. Introduction

X-ray optics in Kirkpatrick Baez (KB) arrangement illustrated in Fig. 1 represent promising alternative to Wolter optics in common use (Hudec, 2011). We present a review of the recent status of design, simulations, development, assembly and tests of X–ray optics including the KB module developed and tested within the EU AHEAD project. Various KB test modules were simulated, designed, assembled and tested at several X–ray test facilities. Selected results are briefly presented and discussed below.

Figure 1. The principle of KB X–ray multifoil optical system.

2. Alternative Design for Astronomical X-ray Telescopes:

Kirkpatrick-Baez X-Ray Optics.

The KB X–ray optics was the first X-ray imaging system proposed (Kirkpatrick & Baez, 1948). Kirkpatrick-Baez were not only proposing the geometry but they built and demonstrated a microscope using two crossed spheres. The KB X–ray optics is frequently used in laboratory and synchrotron as imaging system with high angular resolution. In space, it was used only on rockets at the early stages of X–ray astronomy (Gorenstein et al., 1971a,b,c) so far. Various modifications of the KB design exist (parabolic vs. elliptical, various number of reflections, 2 to 4).

Kirkpatrick-Baez is a double reflection X-ray optics and hence consists of two mirror sets one is aligned vertically and the second is aligned horizontally (Fig. 1). The quality of the focal spot image depends on the quality of substrates (shape, micro-roughness, etc.). Thin float glass foils and/or silicon wafers were used in the KB modules developed and tested. These substrates were mostly of standard quality, hence additional improvements can be expected if superior quality substrates will be used.

In the KB system, both mirrors are curved parabolically – the first mirror focuses in vertical plane and the second mirror focuses in horizontal plane in left picture of Fig. 2. Single focal point is formed in the crossection of the two focal planes as is shown in right picture of Fig. 2. Nested systems in order to increase the collection area are possible.

Figure 2. 1D (left) and 2D (right) X-ray optics of Kirk-Patrick Baez type both sub-modules (A and B) have common focus .

The technology of manufacture of KB modules is not necessarily based on precise and expensive mandrels (the KB reflecting substrates are almost flat plates, with curvatures of order of km), hence cost–effective manufacture (recent requirements of space agencies) of a high angular resolution (∼ 5 arcsec) X–ray optics is feasible at affordable cost (Pina et al., 2011).

Historically, KB telescope applications were based on thin sheets of float glass because the quality of substrates for silicon wafers was inadequate for X–ray optics. The recent availability of substrates with considerably improved parameters and flatness now makes silicon wafers a more promising choice, especially for segmented telescopes (Hudec et al., 2006, 2008a,b; Willingale & Spaan, 2009). Novel methods also exist for further improving the quality of thin float glass (e.g., by thermally shaping the sheets on flat mandrels). Next–generation materials and substrates for glass foils and silicon wafers must also be thin and light (Hudec et al., 2009). Shaping them to small radii, as called for in Wolter designs, is not an easy task. KB arrangements consequently represent a lesslaborious and hence less-expensive alternative.

3. Simulations

For every KB test module developed and assembled, ray–tracing simulations were performed in order to simulate the ideal imaging performance. Few selected results are given in Tab. 1 and in Fig. 3 and 4.

Table 1. Maximum intensity and FWHM dependence on used X–ray source

Energy Maximum Intensity FWHM (eV) (counts) (arcsec) 100 % reflection 5 329 3.8 280 (C) 4 893 3.7 1 500 (Al) 4 865 3.7 4 500 (Ti) 4 235 3.7 8 000 (Cu) 4 432 3.7 11 200 (Se) 4 394 3.7 17 500 (Mo) 2 036 3.4 25 300 1 075 3.1 30 000 575 2.9

4. X–ray tests at Boulder and Pennstate

Several KB modules were prepared for X–ray tests at the US test facilities. Typical KB module consisted of 144 commercially available 525 μm thick Si wafers with Au surface coating. For focus to focus tests, the mirrors arranged into planar-ellipsoidal shape with axial symmetry, with the 1st mirror at a distance of approx. 16 mm from optical axis. Typical mirror size was 100 × 100 mm with 3 sets of 24 (18+6) reflecting substrates in each module. Spacing between substrates was 1.5 to 2.5 mm with wedge smaller than 10 microns.

440 R. Hudec, L. Pina, V. Marsikova, O. Nentvich, M. Urban and A. Inneman

Figure 3. KB modules – ray tracing simulations, dependence on energy. Input parameters (mirror material properties, arrangement of mirrors in modules, experiment geometry, etc.) are the same as in the experiment. Point source was considered.

Figure 4. KB modules – ray tracing simulations. Input parameters (mirror material properties, arrangement of mirrors in modules, experiment geometry, etc.) are the same as in the experiment, for energy 453 eV (Ti L alpha). Left: Theoretical focus: FWHM = 0.58 mm 3.7 arcsec, right: Theoretical focus with 0.2 mm source diameter and 2 microns manufacturing errors: FWHM = 0.59 mm.

Figure 5. Experimental setup of the Boulder X–ray test experiment.

Modules were designed for vacuum chamber tests at CASA University of Colorado at Boulder, with small modifications for Pennsate tests.

KB modules were tested in vacuum chamber at CASA UC (Fig. 5), taking into account the experimental arrangement of the test facility (focus to focus) the KB test modules were of elliptical geometry, with source to optics distance: 10 m, optics to detector distance: 8 m, module position adjustment in visible light (Xe lamp), and a MCP detector as X–ray focal plane detector, with diameter of 1 inch (Figs. 6, 7). The examples of KB modules tested are in Fig. 8. For Pennstate tests, Timepix detector (Jakubek et al., 2014) was used to record the images (Fig. 9).

Figure 6. KB test modules – Boulder tests experimental arrangement.

Figure 7. KB modules Boulder X-ray test results. MCP detector, diameter 1” Energy of X-rays: 453 eV, FWHM = 2.75 mm, Angular resolution: 10.2 arcsec (after ellips. correction).

Figure 8. KB modules tested at Boulder (left) and Pennstate (right) X-ray test facilities.

Figure 9. KB modules – Pennstate X–ray test results. Timepix detector (IEAP CTU in Prague), size 14 mm, 500 nm Al filter, Energy of X-rays: 4.5 keV, FWHM = 2.97 mm, Angular resolution FWHM: 8.7 arcsec (after ellips. correction).

5. X–ray tests at PANTER

The full illumination X–ray tests of the first KB module (see Fig. 10 and Tab. 2) designed and assembled within the AHEAD project (Piro et al., 2015) were performed at the Max Planck Institute for extraterrestrial Physics at PANTER facility in Neuried, Germany in 2017, with preliminary results shown in Fig. 11. More details on these tests (including other types of X–ray optics) are given in another paper in this volume (Pina et al., 2018).

Table 2. Parameters of KB X-ray optics module for PANTER X ray tests. These parameters are for one 1D KB sub-module. Full 2D KB system is represented by 2 analogous modules.

Properties Value Number of foils in one sub–module 17 Dimension of foils 50 × 100 × 0.625 mm^3 Spacing 4.5 mm Reflective surface Au Dimension of sub–module 105 × 105 × 50 mm^3 Aperture 80 × 80 mm^2 Focus z_α/z_β 6 500 mm Source distance 123 m Detector resolution 256 × 256 pixels Pixel size 75 μm

Figure 10. AHEAD KB X–ray optics

Figure 11. AHEAD KB 2D X–ray optics – the best 2D focus at 1.49 keV (33 arcsec FWHM).

6. Conclusions

Various Kirkpatrick Baez X–ray optics modules were assembled and tested, based either on glass foils or high–quality silicon wafers, all of them in multi– foil arrangement, i.e. as stacked modules with typically 72 nested parabolic or elliptic X–ray reflecting substrates 10 × 10 cm each. These modules were tested at several X–ray test facilities, with very promising results, with around 10 arcsec FWHM for the full stack.

The KB X–ray optics represent promising alternative to widely used Wolter mirrors, mainly because of less expensive manufacture (no need for expensive mandrels, use of commercially available parts such as silicon wafers etc.).

In summary, the availability of high-quality novel materials such as superior silicon wafers and/or glass foils will enable the design and construction of KB X-ray optical systems with very high angular resolution at reasonable cost for various applications both in space, astronomy, as well as in the laboratory. In the near future, we plan to continue the development of advanced astronomical KB X–ray test optics with assembling and testing both in visible light and in X–rays, stacked KB modules with longer focal length and improved performance, based on superior quality substrates, e.g. Si wafers with further improved flatness and surface quality.

Acknowledgements.

We acknowledge GA CR grant 13-33324S and AHEAD EU Horizon 2020 project (Integrated Activities in the High Energy Astrophysics Domain), grant agreement n. 654215. We thanks the teams at the X–ray test facilities at Boulder, Pennstate, and MPE PANTER for their assistance and help with or measurements there. This work was partly supported by the Grant Agency of the Czech Technical University in Prague, grant No. SGS18/186/OHK3/3T/13 and MEYS RVO 68407700 as well.

References

Gorenstein, P., Harris, B., Gursky, H., & Giacconi, R., A Rocket Payload Using Focusing X-Ray Optics for the Observation of Soft Cosmic X-Rays. 1971a, in IAU Symposium, Vol. 41, New techniques in Space Astronomy, ed. F. Labuhn & R. Lust, 183 Gorenstein, P., Harris, B., Gursky, H., & Giacconi, R., A rocket payload using focusing X-ray optics for the observations of soft cosmic X-rays. 1971b, Nuclear Instruments and Methods, 91, 451, DOI: 10.1016/S0029-554X(71)80022-8

Gorenstein, P., Harris, B., Gursky, H., et al., X-ray Structure of the Cygnus Loop.

1971c, Science, 172, 369, DOI: 10.1126/science.172.3981.369

Hudec, R., Kirkpatrick-Baez x-ray optics: a review. 2011, in Proc. SPIE, Vol. 8076, EUV and X-Ray Optics: Synergy between Laboratory and Space II, 807607

Hudec, R., Marsikova, V., Mika, M., et al., Advanced x-ray optics with Si wafers and slumped glass. 2009, in Proc. SPIE, Vol. 7437, Optics for EUV, X-Ray, and Gamma-Ray Astronomy IV, 74370S

Hudec, R., Pina, L., Sveda, L., et al., Novel Approaches in Technologies for Large Light-Weight X-ray Space Telescopes. 2006, in ESA Special Publication, Vol. 604, The X-ray Universe 2005, ed. A. Wilson, 969

Hudec, R., Semencová, V., Inneman, A., et al., Novel Technologies for Astronomical X-ray Telescopes. 2008a, in The X-ray Universe 2008, 254

Hudec, R., Sik, J., Lorenc, M., et al., Recent progress with x-ray optics based on Si wafers and glass foils. 2008b, in Proc. SPIE, Vol. 7011, Space Telescopes and Instrumentation 2008: Ultraviolet to Gamma Ray, 701116

Jakubek, J., Jakubek, M., Platkevic, M., et al., Large area pixel detector WIDEPIX with full area sensitivity composed of 100 Timepix assemblies with edgeless sensors. 2014, Journal of Instrumentation, 9, C04018, DOI: 10.1088/1748-0221/9/04/C04018

Kirkpatrick, P. & Baez, A. V., Formation of optical images by x-rays. 1948, Journal of the Optical Society of America (1917-1983), 38, 766

Pina, L., Hudec, R., Inneman, A., et al., Multi Foil X-ray Optics Tests at PANTER:

Preliminary Results. 2018, Contributions of the Astronomical Observatory Skalnaté Pleso

Pina, L., Marsikova, V., Hudec, R., et al., Full-aperture x-ray tests of Kirkpatrick- Baez modules: preliminary results. 2011, in Proc. SPIE, Vol. 8076, EUV and X-Ray Optics: Synergy between Laboratory and Space II, 807609

Piro, L., Natalucci, L., & Ahead Consortium, AHEAD: Integrated Activities in the High Energy Astrophysics Domain. 2015, in Exploring the Hot and Energetic Universe: The first scientific conference dedicated to the Athena X-ray observatory, ed. M. Ehle, 74

Willingale, R. & Spaan, F. H., The design, manufacture and predicted performance of Kirkpatrick-Baez Silicon stacks for the International X-ray Observatory or similar applications. 2009, in Proc. SPIE, Vol. 7437, Optics for EUV, X-Ray, and Gamma- Ray Astronomy IV, 74370B