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Fundamental Limitations of the SASE FEL 
Photon Beam Pointing Stability 

• General overview of coherence properties.  
• Eigenmodes and eigenfunctions. 
• Experience from FLASH. 
• Optimized x-ray FEL. 
• Coherence properties of the radiation from optimized x-ray FEL. 
• Photon beam pointing stability. 
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Statistical properties of the radiation 
/ impact on user experiments / 

Poor longitudinal coherence:  
 
- Fluctuations of the instantaneous intensity; 
- Fluctuations of the energy in the radiation pulse; 
- Uncorrelated fields along radiation pulse due to limited coherence time 

 
Poor transverse coherence: 
 
- Uncorrelated fields across radiation pulse; 
- Poor pointing stability; 
- Essentially non-gaussian slice field patterns.  
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SASE FEL 

TTF FEL, 2001 
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Statistics and probability distributions 

Saturation Linear regime Deep nonlinear regime 

• Probability distributions of the instantaneous power density (top) and of the instantaneous 
radiation power (bottom) look more elegant and seem to be described by simple functions.  
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Statistics and probability distributions 
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Strict definitions of statistical characteristics 
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Qualitative outlook of transverse coherence 

• For small emittances the degree of transverse coherence visibly differs from unity.  This 
happens due to poor longitudinal coherence: radiation spikes move forward along the electron 
beam, and interact with those parts of the beam which have different amplitude/phase. 

• Degradation of the longitudinal coherence leads to significant degradation of the transverse 
coherence in the post-saturation regime. 

z-s intensity distribution Degree of transverse coherence  

2πε/λ = 0.5 … 4  
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Qualitative outlook of transverse coherence 

Thin (diffraction limited)  electron beam 

2πε/λ = 0.5 … 4 

• Undulator length to saturation is limited (9 to 10 field gain 
length for X-ray FELs).  

• In the case of wide electron beam (with transverse size larger 
than diffraction expansion of the radiation on the scale of the 
field gain length) , the degree of transverse coherence 
degrades due to poor mode selection.  

Wide electron beam 
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Outline 

• General overview of coherence properties.  
• Eigenmodes and eigenfunctions. 
• Experience from FLASH. 
• Optimized x-ray FEL. 
• Coherence properties of the radiation from optimized x-ray FEL. 
• Photon beam pointing stability. 
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Self-reproducing FEL radiation modes 
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Self-reproducing FEL radiation modes 

Analytical techniques are used to calculate 
radiation fields in the linear mode of operation, 
and time-dependent numerical simulation 
codes are used in the general case. 
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Mode degeneration 

Eigenfunctions for B = 1 and B = 10 
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Mode degeneration 

Eigenfunctions for B = 10 
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Mode degeneration 

Suppression of the mode degeneration for B = 10 
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Outline 

• General overview of coherence properties.  
• Eigenmodes and eigenfunctions. 
• Experience from FLASH. 
• Optimized x-ray FEL. 
• Coherence properties of the radiation from optimized x-ray FEL. 
• Photon beam pointing stability. 
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FLASH 

Energy  [GeV] 0.5-1.25 
Wavelength [nm] 4.1-55 (FLASH1), 3.x-8.x (FLASH2) 
Pulse energy [uJ]               10-500 
Rep. rate  [Hz] 5000 
Undulators 
 Period Length 
FLASH1:  2.73 cm 27 m (6 x 4.5 m modules)   fixed gap 
FLASH2: 3.14 cm 30 m (12 x 2 m modules)    variable gap 

Observation at FLASH:  
• The degree of transverse coherence is visibly less than unity in the post-saturation regime 
• Transverse shape of the photon pulse is not stable.  
• Pointing stability is not perfect. 
• Pointing stability degrades for shorter photon pulses.  
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FLASH 
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FLASH 

Parameter space of FLASH: 
Large values of diffraction parameter (B = 10 - 25) and “cold” electron beam. 
Mode degeneration effect is strong (gain of TEM10 mode is 0.8 – 0.83 of the fundamental TEM00).  
Contribution of the first azimuthal mode to the total power is 10 to 15%. 
Result: unstable shape and pointing of the photon pulse.  



19 

FLASH 

Evolution of the intensity distribution in the far zone along radiation pulse.   
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FLASH: recipes for improving transverse coherence 
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Outline 

• General overview of coherence properties.  
• Eigenmode and eigenfunctions. 
• Experience from FLASH. 
• Optimized x-ray FEL. 
• Coherence properties of the radiation from optimized x-ray FEL. 
• Photon beam pointing stability. 
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Optimized x-ray FEL 
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Optimized x-ray FEL 
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Optimized x-ray FEL 
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Optimized x-ray FEL 
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Summary 

• When transverse size of the electron beam exceeds diffraction limit, the mode 
competition effect does not provide the selection of the fundamental FEL mode, and 
higher order spatial modes start to contribute to the radiation power.  

• The consequence of interference of statistically independent spatial modes are:  
     - Degradation of transverse coherence;  
     - Fluctuations of the shape and pointing stability of the photon beam (both, slice and 

full shot).   
    - Complicated and essentially non-gaussian field distributions across the slice. 
• These effects stems from fundamental origin -- start-up of the amplification process 

from the shot noise in the electron beam. They become pronouncing at the very early 
stage of the degradation of the transverse coherence due to the growing contribution 
of the azimuthally non-symmetric modes.   

Thank you very much for your attention! 

• X-ray FELs operating at short wavelengths will demonstrate  
degradation of the slice field patterns and the pointing stability with the 
increase of the parameter 2πε/λ > 1.  
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Backup slides 
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Related papers 
The talk is essentially based on the following publications:  

 
o E.A. Schneidmiller and M.V. Yurkov, Coherence properties of the radiation from FLASH, J. Mod. Optics (2015). 
o E.A. Schneidmiller and M.V. Yurkov, Proc. FEL 2015 Conference, Fundamental Limitations of the SASE FEL Photon Beam 

Pointing Stability.  
 

References for further reading: 
  
Coherence properties of the radiation from SASE FEL: 
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Statistical properties of radiation from VUV and X-ray free electron lasers, Optics Communications 

148(1998)383. 
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Diffraction effects in the self-amplified spontaneous emission FEL, Optics Communications  

186(2000)185. 
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Coherence properties of the radiation from X-ray free electron laser, Optics Communications,  

281(2008)1179. 
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Output power and degree of transverse coherence of X-ray free electron lasers, Optics Communications,  

281(2008)4727. 
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Statistical and coherence properties of radiation from x-ray free-electron lasers, New J. Phys. 12 (2010) 

035010  
o E.A. Schneidmiller, and M.V. Yurkov, Proc. FEL 2012 Conference, Coherence Properties of the Odd Harmonics of the radiation from SASE FEL with planar 

undulator.  
 
FEL radiation modes:  
o E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, The Physics of Free Electron Lasers (Springer-Verlag, Berlin, 1999). 
o E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, On a linear theory of an FEL amplifier with an axisymmetric electron beam, Opt. Commun. (1993)272-290. 
o E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, The general solution of the eigenvalue problem for a high-gain FEL, Nucl. Instrum. and Methods A 475 

(2001) 86-91. 
 
Optimized SASE FEL 
o E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Design formulas for short-wavelength FELs , Opt. Commun. 235 (2004)415-420.  
o E.A. Schneidmiller and M.V. Yurkov, Harmonic lasing in x-ray free electron lasers, PhysRevSTAB.15.080702. 
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Optimized x-ray FEL 

1.4 mm-mrad 

SASE1 @ 0.1 nm 

0.6 mm-mrad 



30 

Properties of the radiation: Optimum tapered versus 
untapered case 

Power and brilliance 

_______________________________ Degree of transverse coherence 
Coherence time 
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