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Synchrotron Radiation 

Synchrotron radiation occurs when a charge particle moving at relativistic 
speeds follows a curved trajectory. (either in a circular motion, like a bending 
magnet, or a sinusoidal motion, such as a wiggler and an undulator).

Bending magnet

Wiggler/Undulatorwww-ssrl.slac.stanford.edu/~txrf/images/i1442.gif



Synchrotron Radiation 
Synchrotron radiation occurs when a charge moving at relativistic speeds 
follows a curved trajectory. 

1. EM simulation of a bending magnet
electrons
electric field

2. EM simulation of a wiggler
electrons
electric field



Synchrotron Radiation and Dipole Radiation

Lorentz transformation à

Z’

X’ X

Z

Dipole Radiation at relativistic speed à Undulator Radiation

~ 4000 for 2GeV electrons



Bending Magnet SR Characteristics

Ec (critical photon energy) is that for which half the radiated power is in higher 
photon energy and half in lower photon energy.



Spectral brightness for several SR sources:

•Several orders of magnitude brighter than the  
conventional x-ray tube. Trillion times brighter 
than hospital x-ray.

•A broad emission, tunable.

Equation to remember:

Synchrotron Radiation: A High Brightness 
Tunable X-ray Source
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Power of SR from a Banding Magnet

ALS, US, 1.9GeV, 197m

ESRF, France, 6 GeV, 884m

SPring-8, Japan, 8GeV, 1.44km
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Another equation to 
remember:

Power of SR:

This is why we are using electrons.
High energy physicists hate this too.

Higher the energy, Larger the ring

It is difficult to accelerate electrons.
High energy physicists hate this term.



Beamlines are used to Transport Photons to the Sample, and 
Take a Desired Spectral Slice



Generation of X-ray in old days



What are the advantages of using SR over 
Conventional  X-ray source?

1. Energy Tunability

2. High Brightness & Flux of Photon

3. High Energy Resolution

4. Ultrafast Light Source & Coherence 
in X-ray regime
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Science with Light Sources



What Does Synchrotron Radiation (SR) Brightness Buy You?

3-D reconstruction of  yeast
C. A. Larabell… @ XM1, ALS

(<30nm resolution)

Band Structure of Bi2Te3
Y.L Chen… @BL 10.0.1, ALS

(< 10meV resolution)

High Energy 
Resolution Nano-meter

Spatial
Resolution

Ultrafast & 
Coherence

LCLS at Stanford and future 
NGLS at LBNL. 

(fs x-ray laser)



Outline

A. Brief reviews on 
Synchrotron Radiation

B. Various spectroscopic tools with    
synchrotron radiation (soft x-ray) : XPS, 

XAS,XES

C. Recent developments 



X-ray Photoelectron Spectroscopy (XPS)



X-ray Photoelectron Spectroscopy (XPS)

f = final states
i = initial states

p = momentum of photoelectron 
A = vector potential of photon

(Electric fields)

Photoelectric Effect : Einstein (1905)
E(K.E.) = E(hv) – E(B.E.) – Work function
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XPS provides “surface sensitive”
v Element specific, 
v Chemical environment,
v Structural,
v Magnetic structure,
v Electronic structure,

Information

Core level Spectrum Valence Band Spectrum



Scanning Transmission Electron 
Microscopy with EELS

Nature 366, 727 - 728 (30 December 1993)

Transmission Electron Microscope 
: Require careful sample preparation & spectra analysis 



Phys. Rev. B 38, 6084 ( September 1988)

XPS

A. Non-destructive  measurement
B. Superb chemical resolution

(Energy resolution)
C. Structural dependence



XPS (Core Level Shift )









XPS (Core Level Photoelectron Spectroscopy)



XPS (Instrumentation)



XPS (Core Level Photoelectron Spectroscopy)



Core Level Photoelectron Spectroscopy



Core Level Photoelectron Spectroscopy



Core Level Photoelectron Spectroscopy



Core Level Photoelectron Spectroscopy



Core Level Photoelectron Spectroscopy



Core Level Photoelectron Spectroscopy



What are the advantages of using SR over 
Conventional  X-ray source?

Energy Tunability

a.  Varying the kinetic energy of electron

b.  Tuning Cross section



Electron escape depth vs. Electron kinetic energy
: so-called “Universal curve”



XPS (Electron Mean Free Path)



XPS (Electron Mean Free Path)



Phys. Rev. B 38, 6084 ( September 1988)

Depth Profiling Information 

With synchrotron radiation, kinetic 
energy of electron can be easily 
tuned by varying incoming photon 
energy.

E(K.E.) = E(P.E.) - E(B.E.)
Binding energy ( Si 2p) :  ~100eV

Photon energy ( 130~400 eV)
Kinetic energy (30~300 eV)

•Depth profiling can be done with 
different take-off angle 
measurement in the case of flat 
solid sample.



Depth Profiling Information



XPS (Depth Profile)



XPS (Depth Profile)



Nanoparticle Alloys : 

Surface Composition is varied by 
Thermodynamics at High T

Pd richRh rich

NO + CONO or O2

Rh2O3 more stable than PdO Pd has a lower surface free 
energy (1.87 J m-2 at 1173 
K) than Rh (2.52 J m-2)

Maillet, et al. J. Catal. 202 (2001) 367



Rh0.5Pd0.5 Nanoparticle
: Surface Segregation and Restructuring

Rh-rich (94%) corona

Rh0.5Pd0.5 corona

Pd-rich (67%) corona

H
eat to 300 °C

70%
 C reduction (PVP)

NO+CO reaction

Depth Profile : XPS Atomic 
Concentrations

(Ephoton = 645 eV or 850 eV)

• Pd pulled to surface at 250 °C in CO + NO
• Pdsurf increases from 6% to 67%
• Pdnear surf increases from 10% to 55%



Surface Segregation and Restructuring under Ambient 
Pressure  Condition  ( CO + NO at T = 300C) :
Not only the temperature, Chemistry drives the segregation 

Pd rich

Rh rich

NO or O2

NO + CO

Feng Tao, M. Salmeron, G. Somorjai, Science. 2008 



What are the advantages of using SR over 
Conventional  X-ray source?

Energy Tunability

a.  Varying the kinetic energy of electron

b.  Tuning Cross section



Photoelectric Cross-Section : Transition probability per unit
time for exciting element from a initial state to final state

Yeh & Lindau, Atomic Data and Nuclear Data Tables, 32, 1-155 (1985).



Yeh & Lindau, Atomic Data and Nuclear Data Tables, 32, 1-155 (1985).
By adjusting the photon energy, the cross-section can be easily tuned.  Also, using 
the polarization of light, the molecular geometry on surface can be determined.  



“ Copper-minimum effect arises from the presence of a node on the radial portion
of the initial-state wave function of several subshells (e.g. 4d and 5d) and the
consequent cancellation of the matrix elements for transition”

Rossi et al. Phys. Rev. B. 28,3031 (1993)



Rossi et al. Phys. Rev. B. 28,3031 (1993)

From the difference curve out of Cooper minimum & non-Cooper
minimum spectra, redistribution of valence band state can be
studied in the bimetallic-alloy system



XPS (Cross Section)



XPS (Cross Section)



Valence Band
:Electronic Structure 



Valence Band Photoelectron Spectroscopy



Valence Band Photoelectron Spectroscopy



Valence Band Photoelectron Spectroscopy



Valence Band Photoelectron Spectroscopy





2-dimension

• Electronic band structure measurement 
(dispersion relation E vs k)
– Angle resolved photoemission 

• hn = 80-1200 eV, Energy resolution = 25-30 meV at hn =95 eV
• Angular resolution 0.1° (0.01Å-1) 

EF

Energy

Angle _ kx

count: color

Angle Resolved Photoemission Spectroscopy (ARPES)

EF
(Fermi level)

Binding energy

Kin-plane



Surface-states & Bulk band

Bonding interaction between 
chemisorbed atomic oxygen Pt surface state

Band Structure

Pt(111)Pt(111)

…………,..,,,….….O/Pt(111)



Karl Manne Georg Siegbahn
The Nobel Prize in Physics 1924.
"for his discoveries and research in the field of X-ray spectroscopy"

Kai Manne Börje Siegbahn
The Nobel Prize in Physics 1981.
"for his contribution to the development of  high-resolution electron 

spectroscopy". 



XAS ( X-ray Absorption Spectroscopy)

Courtesy of Dr. I. Nakai



XAS ( X-ray Absorption Spectroscopy)

Lund University

XANES: X-ray Absorption Near 
Edge Structure  : Information 
concerning the oxidation state of 
the absorbing atom and its site 
symmetry. 

NEXAFS: Near Edge X-ray 
Absorption Fine Structure  : 
sensitive to the number, kind and 
symmetry of atoms adjacent to 
the absorber atom.

EXAFS: Extended X-ray 
Absorption Fine Structure : The 
energy of the photoelectron is 
high enough that its de Broglie 
wavelength becomes comparable 
to the distance to neighbouring
atoms. 
Information regarding the number, 
kind and distances of 
neighbouring atoms from each 
other and the absorber.

A. Total electrons yield : Sample Current
= Bulk sensitive information

B. Partial electrons yields : channeltron
= Surface sensitive information

C.   X-ray fluorescent yields : photo-diode
= Bulk sensitive information



XAS( X-ray Absorption Spectroscopy)



• Sensitivity to molecular 
functional groups.

• Ability to determine molecular 
orientations.

• Study of charge and spin 
phenomena in materials.

http://ssrl.slac.stanford.edu/stohr/nexafs.htm

XAS( X-ray Absorption Spectroscopy)



XAS : Magnetic Circular Dichroism



XAS : Magnetic Circular Dichroism



XAS ( X-ray Absorption Spectroscopy)

XAS & XES are coherence process !



XAS ( X-ray Absorption Spectroscopy)



Courtesy of Dr. J.Guo 





XRES (X-ray Resonant Emission Spectroscopy)



XES (X-ray Emission Spectroscopy)



XES (X-ray Emission Spectroscopy)





SR-based XPS & X-ray Optics



SR-based XPS & X-ray Optics



SR-based XPS & X-ray Optics



Dr. Neville Smith, a former ALS scientific director,
coined the term “Ambient Pressure “ XPS for the first 

time.

A leading authority in the field of momentum-resolved 
photoemission spectroscopy.


