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The short wavelength region of the 
electromagnetic spectrum
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n = 1 – δ + iβ δ, β << 1
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Broadly tunable radiation is needed to probe the primary 
(n = 1 & n = 2) resonances of the elements
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Electron binding energies, in electron volts (eV), 
for  the elements in their natural forms
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Synchrotron radiation

5

[JJ]2



David Attwood, HESEB Workshop, SESAME, 16 March  2021

Synchrotron radiation from relativistic electrons
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Following John Madey
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Undulator radiation from a small electron beam radiating 
into a narrow forward cone is very bright
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Undulator radiation
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Calculating Power in the Central Radiation Cone: Using the well known 
“dipole radiation” formula by transforming to the frame of reference 
moving with the electrons
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Power in the central radiation cone
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APPLE II Elliptically Polarizing Undulator (EPU)
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EPU at SESAME 
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Add Si, C, Fe to both
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Bending magnet radiation covers a broad region of 
the spectrum, including the primary absorption edges 
of most elements
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  Ec = 6 keV
4Ec = 24 keV
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A typical beamline: A monochromator plus 
glancing  incidence optics deliver radiation to the sample
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Available Optical Techniques 
for Soft X-Rays and EUV
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Refractive index at x-ray wavelengths

Based on a simple, semi-classical oscillator in the 
presence of an electric field E = E0 cosωt
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Expressed in terms of atomic scattering 
factors:

which we can write simply as

(3.12) 
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Refractive index at nanometer wavelengths
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www.cxro.LBL.gov/optical_constants
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Refractive index from the 
IR to x-ray spectral region
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Normal incidence reflection of x-rays is very small
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[~ 10-8 at 3 keV]

[@ 300 eV]
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Glancing Incidence Optics
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Kirkpatrick-Baez Mirror Pair
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Orthogonal mirrors cancel astigmatism

Elliptical surfaces for point to point imaging

Glancing incidence coatings for broad band 
applications, multilayer coatings for fixed 
bandpass

Commonly used in synchrotron 
and FEL beamlines, and in 
plasma diagnosticsCourtesy of J. Underwood, LBNL



David Attwood, HESEB Workshop, SESAME, 16 March  2021

X-ray microprobe at SPring-8
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Undulator
DCM

TC1Slit
Incident Slit

Ion 
chamber

Mirror manipulator

SDD

Sample & Scanner

PIN photodiode

Beam monitor

Optical microscope

Front end

Experimental hutch

98m

f1: 252mm

f2: 150mm

45m

Courtesy of Professor Kazuto Yamauchi, 
Osaka University and Spring-8

S. Matsuyama et al., 
Rev. Sci. Instrum.
77, 103102 (2006)

Now focused 
to 7 nm
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Nested pairs of Wolter type 1 reflective x-ray optics for 
             the orbiting Chandra X-ray Observatory 
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Courtesy of D. Schwartz (Harvard-Smithsonian 
Center for Astrophysics) and NASA

Composite view of the
M51 “Whirlpool Galaxy”
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Single surface mirrors for x-ray astronomy

Sharp cutoffs at 700 eV, 2 keV and 10 keV

25

Courtesy of R. Soufli, LLNL, and E. Gullikson, LBL; www.cxro.LBL.gov/ical_constants
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Two common zone plate x-ray microscopes
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(STXM)
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A Fresnel zone plate lens
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HW: Note right 
triangles. Use 
Pythagorean Theorem 
to derive zone plate 
equations above.
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X-ray  Fresnel zone plate lens can be used 
for imaging at high spatial resolution
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Courtesy of A. Sakdinawat and Chieh Chang (SLAC/ Stanford)
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High resolution zone plate microscopy
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• Well engineered
• Sample indexing
• Tiling for larger field 

of view
• Pre-focused
• High sample throughput
• Illumination important
• Phase contrast

A near clone of the
BESSY I microscope
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High resolution , 3D image of a mouse 
adenocarcinoma cell by soft x-ray tomography
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Courtesy of Gerd Schneider, 
BESSYII and James McNally, 
NIH. 
Nature Methods 7, 985 (2010).

510 eV (2.43 nm)
Δr = 25 nm,
1° intervals, ±60°
36 nm nuclear 
double membrane.
Exposure ~ 5 minutes

Endoplasmic Reticulum
(ER)
Mitochondria (M)
Nuclear Membrane (NM)
Lysosomes (L)
Vesicles (V)
Nuclear pores (NP)

2D slice from 3D data set
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Soft x-ray 3-D toX-RayX-ray 
tomographymography of a sinXgle cell

Courtesy of Gerd Schneider, BESSYII and James McNally, NIH.

X-ray computed tomography of a single biological cell
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Nano-spectroscopy of sodium titanate nanoribbons
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P. Guttmann et al., Nature Photonics 
(Dec. 2011).

In collaboration with:
C. Bittencourt, 
U. Antwerp, Belgium
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Scanning Transmission X-ray Microscope (STXM)
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Especially useful for 
spectromicroscopy 
of radiation sensitive 
samples
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Soft x-ray microscopy with 7 nm resolution
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B. Rosner,* S. Finizio, F. Koch,  F.Doring, V.A. Guzenko, M.Langer, E.Kirk, B. Watts, 
M.Meyer,J. Lorona Ornelas,  A.Spath,  S.Stanescu, S.Swaraj,  R.Belkhou, T.Ishikawa, T.F. 
Keller,  B.Gross, M.Poggio,  R.H.Fink, J. Raabe, A. Kleibert, AND Christian David Optica 7, 
1602 (November 2020).      
                          PSI, ETH, Erlangen-Nurnberg, Soleil, DESY. U.Hamburg, U.Basel  

Magnetic nanostructure

TEM STXM

Scanning Transmission X-ray Microscope (STXM)
PSI, Swiss Light Source 
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Environmental study: Biofilm from Saskatoon River
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5 mm

700      705       710      715       720       725

OD

1.5

1.0

0.5

  0

RESULTS
•Ni, Fe, Mn, Ca, K, O, C elemental map,
(there was no sign of Cr.)
•Different oxidation states for Fe and Ni

Protein (gray), Ca, K

Different oxidation states (minerals) found for 
Fe & Ni

Courtesy of Tohru Araki, Adam Hitchcock (McMaster University) 
and Tolek Tyliszczak, LBNL;Sample from: John Lawrence, George 
Swerhone (NWRI-Saskatoon) and Gary Leppard (NWRI-CCIW)
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A High Quality Mo/Si Multilayer Mirror can Achieve 70% 
Normal Incidence Reflectivity in the EUV
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N = 40
d = 6.7
λ = 13.5 nm
  (92.5 eV)

Courtesy of Saa Bajt (CFEL/DESY)ˇ

Small reflections at many interfaces add in phase at the Bragg angle. 
In the EUV δ and β are relatively large (    dependence)    
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Multilayer mirrors have achieved a reflectivity of 70% in 
the extreme ultraviolet (EUV) … an unusual result
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EUV Image obtained with Mo/Si coated optics: 
   coronal  loop of magnetized plasma at the sun’s surface
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Lockheed/NASA Atmospheric 
Imaging Assembly (AIA) 
telescope, part of the geo-
synchronous Solar Dynamics 
Observatory (SDO). 

Multilayer coatings provided by 
R. Soufli, LLNL and D.L. Windt, 
Reflective X-ray Optics. J.R. 
Lemen, Solar Physics 275,14 
(2012)

Multilayer coated 
Cassegrain telescope
Mo/Si, 17.1 nm, 

NASA/SDO
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Moore’s Law is not dead, saved by Extreme Ultraviolet (EUV) 
Lithography using these same multilayer mirrors

39

Step and scan system, 
Mo/Si coated reflective 
optics at 13.5 nm 
wavelength, CO2 laser 
irradiated 30 μm Sn 
microspheres.

Bending magnet and 
undulator radiation used for 
critical early research at both 
the ALS and BESSY II.

Courtesy of V. Banine (ASML) and 
W. Kaiser (Zeiss) 
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EUV lithography: High volume manufacturing (HVM)  of 
computer chips and smart phone chip began in 2019
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9 October 2018
TSMC’s second-generation 7 nm manufacturing 
technology will use extreme ultraviolet lithography.

VB VentureBeat 
           18 October 
2018

Samsung begins making 7LPP chips,   
commercializing 7nm EUV lithography

7nm EUV lithography In a significant milestone for the 
semiconductor industry, Samsung today announced that it is now 
manufacturing 7LPP chips: processors based on extreme 
ultraviolet lithography (EUV) and a 7-nanometer manufacturing 
process. Beyond this specific accomplishment, the company notes 
that it is providing customers a clear path to future 3-nanometer 
chips.

Apple's new iPhone 11 uses TSMC chips patterned 
by EUV lithography

https://news.samsung.com/global/samsung-electronics-starts-production-of-euv-based-7nm-lpp-process?utm_source=rss&utm_medium=direct
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Further reading, 2021 online lectures, slides that you can 
use
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UC Berkeley 2021 lectures online:
https://www.youtube.com/playlist?
list=PL2wgq6z751n6EIeNsPAx_b8eIkmLS41G
T

Cambridge University Press
www.cambridge.org/xrayeuv
For slides, errata and HWs click 
‘Resources’

http://www.cambridge.org/xrayeuv
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