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Synchrotron radiation from relativistic electrons 
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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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Determining the power radiated: the equation of motion of 
an electron in an undulator 
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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 

6 



Trieste_ April2016_Lec2.ppt Trieste April 2016 / David Attwood /  ICTP Lecture 2 

Undulator radiated power in the central cone 
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Spectral brightness is useful for experiments that involve 
spatially resolved studies 
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Time structure of synchrotron radiation 
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Coherence at short wavelengths 
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Chapter 8 



Trieste_ April2016_Lec2.ppt Trieste April 2016 / David Attwood /  ICTP Lecture 2 

Coherence 
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Marching band and coherence lengths 
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Spatial and spectral filtering to produce coherent radiation 
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Coherence, partial coherence and incoherence 
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Spatial and temporal coherence 
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Spectral bandwidth and longitudinal coherence length 
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A practical interpretation of spatial coherence 
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Partially coherent radiation approaches uncertainty 
principle limits 
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Spatially coherent undulator radiation 
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Courtesy of Patrick Naulleau, LBNL /  Kris Rosfjord, UCB and LBNL 

d ⋅ θ = 
λ	

2π 
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Spatial and spectral filtering of undulator radiation 
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Coherent power at Elettra 
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Undulators, FELs and coherence 

•  Spatial coherence 
•  Temporal coherence 
•  Partial coherence 
•  Full coherence 
•  Spatial filtering 
•  Uncorrelated emitters 
•  Correlated emitters 
•  True phase coherence and mode control 
•  Lasers, amplified spontaneous emission (ASE) and 

mode control 
•  Undulator radiation 
•  SASE FEL fsec and asec x-rays 
•  Seeded FEL true phase coherent x-rays 
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Marching band and coherence lengths 
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Undulators and FELs 
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“SASE” FEL – no seed (several separate “waves” ���
of electrons possible with uncorrelated phase.) ���
Less peak power, broader spectrum.	




Trieste_ April2016_Lec2.ppt Trieste April 2016 / David Attwood /  ICTP Lecture 2 

Seeded FEL 
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Second generation x-ray FELs.	

	
(Fermi in Trieste)	
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The evolution of incoherent clapping (applauding)  
to coherent clapping 
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Suggested by Hideo Kitamura, 
(RIKEN) 
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Electron energies and subsequent axis crossings are affected by 
the amplitude and relative phase of the co-propagating field 
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Gain and saturation in an FEL 
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FEL Microbunching 
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Courtesy of Sven Reiche, UCLA, now SLS 
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Young’s double slit experiment: spatial coherence and the 
persistence of fringes 
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Young’s double slit experiment: spatial coherence and the 
persistence of fringes 
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Young’s double slit experiment with random emitters: 
Young did not have a laser 
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Young’s double slit experiment with phase coherent 
emitters (some lasers, or properly seeded FELs) 
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FEL physics 
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Free Electron Lasers 
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Synchrotron References 

•  D. Attwood and A. Sakdinwat, Soft X-Rays and Extreme 
Ultraviolet Radiation (Cambridge, UK 2000 Fall 2016); 
available at Amazon.com. 

•  J. Als-Nielsen and D. McMorrow, Elements of Modern X-ray 
Physics (Wiley, New York, 2009), Second edition. 

•  J.D. Jackson, Classical Electrodynamics (Wiley, New York, 
1999), Third edition. 

•  A. Hofmann, Synchrotron Radiation (Cambridge, UK, 2004). 
•  P. Duke, Synchrotron Radiation (Oxford, UK, 2000). 
•  J. Samson and D. Ederer, Vacuum Ultraviolet Spectroscopy I 

and II (Academic Press, San Diego, 1998). Paperback available. 
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FEL References 
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•  P. Schmuser, M. Dohlus, J. Rossbach and C. Behrens, “Free-Electron 
Lasers in the Ultraviolet and X-Ray Regime: Physical Principles, 
Experimental Results and Technical Realizations” (Springer, 2014). 

•  K.-J. Kim, Z. Huang and R. Lindberg, “Synchrotron Radiation and 
Free Electron Lasers: Principles of Coherent X-Ray Generation 
(Cambridge, Fall 2016). 

•  Chapter 6, “X-ray and EUV Free Electron Lasers” in Attwood & 
Sakdinawat (Cambridge, Fall 2016). 
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2nd Edition in progress: new FEL, HHG, Coherence, and 
X-ray Imaging chapters 
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UC Berkeley 
www.coe.AST.berkeley.edu/sxr2009 
www.coe.AST.berkeley.edu/srms  
www.youtube.com 


