
Physik und Anwendungen von weicher 
Röntgenstrahlung I 
(Physics and applications of soft X-rays I) 
 
 Sommersemester 2015 

Vorlesungstermine + Ort :  
3 SWS (plus 1 SWS Laborbesichtigung) 6 ECTS Punkte 
LMU Garching, Coulombwall 1  
Mittwochs, 13:00 –16:00 Uhr, Seminarraum 224 
        (bis einschliesslich 3.6.) mündliche Abschlussprüfung 
Vorlesungsinfos : www.xray.physik.uni-muenchen.de 
 

Veranstalter : 
Prof. Dr. Ulf Kleineberg (ulf.kleineberg@physik.uni-muenchen.de) 
LMU, Physik Department 
Am Coulombwall 1, 85748 Garching 
(089) 289 14003 

http://www.xray.physik.uni-muenchen.de/


Literatur: 
 
Eberhard Spiller: Soft X-ray Optics / (SPIE Optical Engineering 

Press, Bellingham, Washington, ISBN 0-8184-1654-1)  
 

A. Michette : X-ray Optics 
 
D.T. Attwood: Soft X-ray and Extreme Ultraviolet 

Radiation (Cambridge Univ. Press, ISBN 0-521-
65214-6)  

 
Sowie aktuelle Wissenschaftspublikationen… 
Begleitendes Seminar : 
 
Studentische Vorträge zu aktuellen Forschungsarbeiten 
(z.B. Röntgenmikroskopie, EUV Lithographie, Röntgenlaser, …) 
Ort und Zeit : Mittwochs 16 c.t – 18 Uhr, Seminarraum 219 



•Basics : 
•Introduction to physics in the soft X-ray range 
•Basic processes, emission and absorption 
•Maxwell-equations, wave equation 
•Scattering by free and bound electron 
•Scattering by multiple electron atom, atomic scattering factor 
•Complex refraction index, wave propagation in media 
•Thin films optics : 
•Interfaces, Fresnel-equations, total external reflection, Brewster angle 
•Multilayer-Optics, basics, theory and technology 
•Sources : 
•Introduction to Synchrotron Radiation, Wigglers and Undulators 
•Basics of the Free Electron Laser (FEL) 
•Laser Plasma (LIP) and discharge plasma (DPP) sources 
•X-ray lasers, High Harmonics 
•Nanooptics and diffractive optics 
•Diffractive optics, amplitude and phase gratings 
•Zoneplates and refractive optics 
•Waveguides and capillary optics  
•Detectors for soft X-rays 
•CCD, photodiode, DLD detector 

Outline : 



Technology and applications : 

•Soft X-ray microscopy and micro-spectroscopy 
•Diffractive Imaging and Holography 
•Extreme Ultraviolet Lithography 
•Attosecond electron spectroscopy and microscopy 
• Solar astronomy 
 

•…. 



From radio waves to gamma rays 



What is specific about the soft X-ray range ? 

Short wavelength ~ 1 nm > see smaller features 
                                         > write  smaller features     

Core level electron energies > element specificity 
                                              > chemical specificity    

Single cycle period sub-fsec  > shortest electromagnetic pulses 
                                               > attosecond physics of e-dynamics  



Resolution 

How to determine the resolution of an optimal instrument / microscope ? 
 
• Rayleigh-criterion:                                    with λ = wavelength  
                                                                           NA = numerical Aperture NA

d λ*61,0
=

NA Animation :  NA 

Rayleigh: Resolution 

See smaller features with smaller wavelength ! 

NA Immersion : NA Immersion 

http://micro.magnet.fsu.edu/primer/java/nuaperture/index.html  

http://micro.magnet.fsu.edu/primer/java/microscopy/immersion/index.html 

http://micro.magnet.fsu.edu/primer/java/imageformation/rayleighdisks/index.html 

http://micro.magnet.fsu.edu/primer/java/nuaperture/index.html
http://micro.magnet.fsu.edu/primer/java/nuaperture/index.html
http://micro.magnet.fsu.edu/primer/java/imageformation/rayleighdisks/index.html
http://micro.magnet.fsu.edu/primer/java/nuaperture/index.html
http://micro.magnet.fsu.edu/primer/java/microscopy/immersion/index.html


X-ray microscopy in the water window 

„water window“ 

   Between the K-edge of carbon and oxygen 

     K-absorption edge O2 : 2.28 nm = 543.1 eV 

     K-absorption edge C :  4.36 nm = 284.2 eV 

   Natural contrast between materials  

     containing carbon and water 

   In-Vivo  image of biological objects  

     with high resolution 

 

   Of high microscopic and spectroscopic interest 
 



X-ray microscopy methods 

b) Full-field TXM 

a) Zone plate based STXM 

- Scanning transmission X-ray microscopy (STXM) 
- Transmission full-field X-ray microscopy (TXM) 
 
- Micro-X-ray fluorescence spectroscopy (µ-XRF) 
- Synchrotron radiation X-ray tomographic microscopy (SRXTM) 
- …and more… 

Best spacial resolution 
Shortest exposure time 
Higher radiation dose 
Modest spectral resolution 

Best spectral resolution 
Least radiation dose 
Next best spacial resolution 
Long exposure time 
Requires spatially coherent radiation 



Refractive index, X-ray optics 

a) Zone plate 
b) Schwarzschild optics 
c) Kirkpatrick-Baez mirror pair 
d) Laue lens 

 

Four common X-ray 
microscopy optics: 



See smaller features : soft X-ray microscopy 

Eph = 97 eV 

Lateral resolution : 
< 200 nm 

Soft X-ray microscopy 
on diatoms (silica algae) 















Transmission of fluoride materials in the DUV 

 No window materials below 110 nm wavelength  
 No conventional transmission lenses possible ! 



193 nm DUV lithography objective (Zeiss) 

> CaF aspherical lense optics 



Write smaller features : Extreme Ultraviolet Lithography 



Challenges of Extreme Ultraviolet Lithography 









Complex index of refraction/atomic scattering factors  



Complex atomic scattering factors 

valid only for : long wavelength λ >> a0 (0.529 Α) or forward scattering 
 
f1 equals Z for ω >> ωs        all electrons scatter in phase ! 
 
Scattering cross section ~ Z2 

 
 



S- polarisation P- polarisation 

Single interface optics (example Si) 

Fresnel Equations (s, p pol.) 
 
Rperp = (δ2 + β2)/4 

Vacuum  n=1 

n´=1-δ+iβ Snell´s law : 
sin φ´ = sin φ /n´ 
Critical angle : Θc = 2δ1/2  



Principle of XUV multilayer mirrors at 
near normal incidence angles 
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Principle of an XUV  
multilayer mirror 
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EIT telescope 
SOHO mission 





The Extreme Ultraviolet Imaging Telescope (EIT) 

Multilayer coated normal incidence cassegrain objective 

EIT composite image 

17,1 nm (blue) 
19.5 nm (green) 
28,4 nm (red) 







Motivation 

Excellent XUV optics for sources emitting ultrashort pulses: 
FEL HHG 

(aspiration for sub-) fs pulses 
grazing optics due to high intensities 

as pulses (requires large ∆E) 
normal incidence optics possible 

Both require optics for spectral filtering, phase shaping, … 



Motivation 

Excellent XUV optics for sources emitting ultrashort pulses: 
FEL HHG 

(aspiration for sub-) fs pulses 
grazing optics due to high intensities 

as pulses (requires large ∆E) 
normal incidence optics possible 

Both require optics for spectral filtering, phase shaping, … 

OUR FOCUS: 

Photon flux essential! 



xuv-filter 

60 70 80 90 100 110 
0 

1000 

in
te

ns
ity

 [a
.u

.] 

photon energy [eV]       
50 

cosine wave 

                 steering bound electrons with controlled light fields:  
                                                                 the birth of an attosecond pulse 

  

   

A. Baltuska et al., Nature 421, 611 (2003)  

electron trajectories 

P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993) 
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Höchstbrillante Röntgenquelle : Der Freie Elektronenlaser 



www6.slac.stanford.edu 















Chapter One  : 
 
• Basic Absorption and Emission Processes 
• Atomic Energy Levels and Allowed Transistions 
• Scattering, Diffraction and Refraction 
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