Contents

1 Introduction

2 Basic Properties of Hard X Rays

2.1  Free Propagation of X Rays . . . . . ... ... ... ... .. ...
2.1.1 The Helmholtz Equation . . . . . . .. . ... ... ... .......
2.1.2  Integral Theorem of Helmholtz and Kirchhoft . . . . .. ... .. ..
2.1.3  Fresnel-Kirchhoff’s Diffraction Formula . . . . . . ... ... ... ..
2.1.4  Fresnel-Kirchhoff Propagation . . . . . . ... ... ... .. .....

2.2 Interaction of X Rays with Matter. . . . . . . .. ... ... ... ... ...
2.2.1 Complex Index of Refraction . . . . . . ... ... ... ... .....
2.2.2 Attenuation . . . . .. ...
2.2.3 Refraction . . . . . ...

3 The X-Ray Source

3.1 Requirements . . . . . . . ..
3.1.1 Energy and Energy Bandwidth . . . . . .. ... ... ... .....
3.1.2  Source Size and Divergence . . . . . . ... ... L.
3.1.3 Brilliance . . . . ...

3.2 Synchrotron Radiation . . . . . .. .. ... ... ... ... ... .. ...,

3.3 Layout of a Synchrotron Radiation Facility . . . . . . .. ... .. ... ...

3.4 Liénard-Wiechert Fields . . . . . ... .. ... ... .. ..

3.5 Dipole Magnets . . . . . . . ..o

3.6 Insertion Devices . . . . . . . . . L
3.6.1 Multipole Wigglers . . . . . .. .. ... oo
3.6.2 Undulators . . . . .. . .

4 X-Ray Optics

4.1 Refractive X-Ray Lenses . . . . . . . . . .. ...

4.2 Compound Parabolic Refractive Lenses (CRLs) . . . ... .. ... .. ...

4.3 Nanofocusing Lenses (NFLs) . . . . .. ... ... . . . ... .

4.4 Adiabatically Focusing Lenses (AFLs) . . .. .. .. ... ... ... ....

4.5 Focal Distance . . . . . . . . ..

4.6 Transverse Focus Size . . . . . . . . . ..o



ii CONTENTS
4.7 Beam Caustic . . . . . . . . . .. 52
4.8 Depthof Focus . . . . . .. .. 53
4.9 Beam Divergence . . . . . . ..o 53
4.10 Chromaticity . . . . . . . . . . 54
4.11 Transmission and Cross Section . . . . . . . . . . . . . ... ... ... .. 55
4.12 Transverse Coherence . . . . . . . . . . . . ... 56

4.12.1 Mutual Intensity Function . . . . . . .. .. ... ... ... 57
4.12.2 Free Propagation of Mutual Intensity . . . . . . . . .. ... ... .. o7
4.12.3 Mutual Intensity In The Focal Plane . . . . . . .. ... .. .. ... 28
4.12.4 Diffraction Limited Focus . . . . .. . .. .. ... ... .. ..... 59
4.13 Coherent Flux . . . . . . . . . . . . 60
4.14 Two-Stage Focusing . . . . . . . . . . ... 64
4.14.1 The Prefocusing Parametern . . . . . . . .. ... ... ... ... 65
4.14.2 Required Refractive Power . . . . . . . . .. ... ... 67
4.14.3 Flux Considerations . . . . . . . . . . . . ... ... 70
4.14.4 Astigmatic Prefocusing . . . . . . .. ..o 75

5 Nanoprobe Setup 77

51 X-Ray Optics . . . . . . . . e 78
5.1.1 Nanofocusing Lenses . . . . . . . . . .. ... ... . ... . ..., 79
5.1.2 Entry Slits . . . . . . . . 82
5.1.3 Pinhole . . . .. ... 82
5.1.4 Additional Shielding . . . . . .. ... .. ... 83
5.1.5  Vacuum and Helium Tubes. . . . . . . . . . .. ... ... ...... 83

5.2 Sample Stages . . . . . .. 84
5.2.1 High Resolution Scanner . . . . . . . .. .. ... ... .. ...... 84
5.2.2  High Precision Rotational Stage . . . . . . ... ... ... ... ... 85
5.2.3 Coarse Linear Stages . . . . . . . . . .. ... 85
5.2.4 Goniometer Head . . . . . . . . .. ... ... ... . ... .. ... 85

5.3 Detectors . . . . .. 86
5.3.1 High Resolution X-Ray Camera . . . . . . . . ... ... ... .... 86
5.3.2 Diffraction Cameras . . . . . . . . . .. ... ... ... ... 89
5.3.3 Emergy Dispersive Detectors . . . . . .. ... ... 0. 91
5.3.4 Photodiodes . . . . . . .. 93

5.4 Control Software . . . . . . . . . ... 94

6 Experiments 97
6.1 Lens Alignment . . . . . . . . . .. ... 97
6.2 Focus Characterization . . . . . . . . . . ... ... 99

6.2.1 Knife-Edge Scans . . . . . . .. .. oo 100
6.2.2 Far-Field Measurements . . . . . . . . ... ... ... ........ 102
6.2.3 X-Ray Ptychography . . . . .. .. ... ... ... .. ... ... 103
6.3 Fluorescence Spectroscopy . . . . . . . . .. Lo 105



CONTENTS iii

6.3.1 Fluorescence Element Mapping . . . . . . . . .. .. ... ... ... 107

6.3.2 Fluorescence Tomography . . . . . . .. .. ... ... ... ..... 110

6.4 Diffraction Experiments . . . . . . .. ..o 111
6.4.1 Microdiffraction on Phase Change Media . . . . . . . .. ... . ... 112

6.4.2 Microdiffraction on Stranski-Krastanow Islands . . . . . . .. .. .. 113

6.4.3 Coherent X-Ray Diffraction Imaging of Gold Particles . . . . . . . .. 115

6.4.4 X-Ray Ptychography of a Nano-Structured Microchip . . . . . . . .. 117

7 Conclusion and Outlook 121
Bibliography 125
List of Figures 139
List of Publications 141
Danksagung 145
Curriculum Vitae 149

Erklarung 151



