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What we name as X-ray FEL, SASE FEL, etc.  

 FEL stands for free electron laser. 
 FEL amplifier stands for single-pass free electron laser amplifier.  
 X-ray FEL / XFEL stands for x-ray free electron laser. This is FEL amplifier 

starting form the shot noise in the electron beam and operating in the x-ray 
wavelength range.  

 SASE FEL stands for self-amplified spontaneous emission free electron 
laser. This quantum terminology does not reflect actual physics of the 
device, but is widely used.  Physically SASE FEL means FEL amplifier 
starting from shot noise in the electron beam – device which forms 
separate class of vacuum tube electronics. Close relative of the FEL is 
travelling wave tube (TWT).  

 Slang of the FEL community usually uses x-ray FEL, XFEL, and SASE FEL 
as synonyms. 
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Self Amplified Spontaneous Emission - SASE - FEL 

TTF FEL, 2001 

V. Ayvazyan et al., Phys. Rev. Lett. 88(2002)10482 
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Coherent radiation of electron beams: Introduction. 
Example II: modulated electron bunch 

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Nucl. Instrum. and Methods A539(2005)217 
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SASE FEL 
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Qualitative look at the radiation properties 
 

• Longitudinal coherence is formed due to slippage effects (electromagnetic 
wave advances electron beam by one wavelength while electron beam 
passes one undulator period). Thus, typical figure of merit is relative 
slippage of the radiation with respect to the electron beam on a scale of 
field gain length  coherence time.  

• Transverse coherence is formed due to diffraction effects. Typical figure of 
merit is ratio of the diffraction expansion of the radiation on a scale of field 
gain length to the transverse size of the electron beam.  
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Qualitative look at the radiation properties 
 

• Radiation generated by SASE FEL consists of wavepackets (spikes). Typical 
duration of the spike is about coherence time τc.  

• Spectrum also exhibits spiky structure. Spectrum width is inversely proportional to 
the coherence time, ∆ω ~ 1/τc, and typical width of a spike in a spectrum is inversely 
proportional to the pulse duration T.  

• Amplification process selects narrow band of the radiation, coherence time is 
increased, and spectrum is shrinked. Transverse coherence is improved as well due 
to the mode selection process. 

spectrum 

power 
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SASE FEL: Group velocity of wavepackets 
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SASE FEL 

• Radiation from SASE FEL is statistical object, thus statistical approach 
needs to be applied for analysis of the properties of the radiation from SASE 
FEL: 
 

- Nature of statistics. 
- Description in terms of correlation functions and probability distribution 

functions. 
- Description of averaged characteristics (ensemble averaging). 

 
• Physical effects related to coherence properties: 

 
- Longitudinal coherence: slippage effects – can be studied in the framework 

of 1D approximation 
- Transverse coherence: diffraction effects – can be studied in the framework 

of full 3D model only. 
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Strict definitions of statistical  characteristics  
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Outline 
  

I. Start-up of the FEL process from shot noise: SASE FEL. 

II. Longitudinal coherence (temporal and 
spectral properties). Statistics.  

III. Transverse coherence.  
IV. Higher harmonics.  
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Statistics and probability distributions 

z = 0.1 zsat 

• Transverse (bottom) and longitudinal (top) distributions of the radiation 
intensity exhibit rather chaotic behaviour. 

z = 0.5 zsat z = zsat 
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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 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, The Physics of Free Electron Lasers 
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SASE FEL, linear regime: general features 
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SASE FEL: evolution of radiation power, 
fluctuations, and probability distributions 

•Amplification process passes stage of 
exponential growth (linear regime), and 
then enters nonlinear regime.  

•Probability distributions follow negative 
exponential distribution in linear and 
deep nonlinear regime. Minimum of 
fluctuations occurs in the saturation.  
 

Average power 
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SASE FEL: time correlation functions and  
the coherence time 

Maximum coherence time  is achieved  
in the end of high gain linear regime. 
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SASE FEL: Evolution of spectrum 

Average power 

Coherence time 
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SASE FEL: Wiener-Khintchine theorem 
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SASE FEL: summary of temporal and spectral 
properties 
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Linear regime Linear regime 

Saturation Saturation 

Probability distribution 
of the energy in the 
radiation pulse 

Probability distribution of the 
energy after narrow band 
monochromator 

Statistics and probability distributions: 
Experimental results from TTF FEL/FLASH 

V. Ayvazyan et al., Nucl. Instrum. and Methods A 507 (2003)368 
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1D Handbook:  main properties of SASE FEL 
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Strict definitions of statistical  characteristics  
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Qualitative look at the evolution of the radiation 
properties in XFEL 

Radiation power 
Brilliance 
Degree of transverse coherence 
Coherence time 

• Radiation power continues to grow along the undulator length.  
• Brilliance reaches maximum value at the saturation point. 
• Degree of transverse coherence and coherence time reach their 

maximum values in the end of exponential regime. 
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Qualitative look at the 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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Transverse coherence 

• In the case of large emittance the degree of transverse coherence degrades due to poor mode 
selection.  

• 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. 

• Longitudinal coherence develops slowly with the undulator length thus preventing full 
transverse coherence.  

z-s intensity distribution 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 186(2000)185 

Degree of transverse coherence  

2πε/λ = 0.5 … 4  



Even after finishing the transverse mode 
selection process the degree of transverse 
coherence of the radiation from SASE FEL 
visibly differs from unity.  This is consequence 
of the interdependence of the longitudinal and 
transverse coherence. The SASE FEL has 
poor longitudinal coherence which develops 
slowly with the undulator length thus 
preventing a full transverse coherence.  

SASE FEL: limitation of transverse coherence  
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Transverse coherence 

• Poor longitudinal coherence is also responsible for the fast degradation of the transverse 
coherence in the nonlinear regime.  

• In the linear exponential regime group velocity of spikes is visibly less than the velocity of light 
due to strong interaction with the electron beam. In the nonlinear regime group velocity of 
spikes approaches velocity of light due to weak interaction with the electron beam.  

• Radiation spikes move forward faster along the electron beam and start  to interact with those 
parts of the beam which were formed due to interaction with different wavepackets.  

• This process develops on the scale of the field gain length.  

Degree of transverse coherence  z-s intensity distribution 

2πε/λ = 0.5 … 4  
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Self-reproducing beam 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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32 Self-reproducing FEL radiation modes 
Mode degeneration 



M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May – 10 June, 2016 

33 Self-reproducing FEL radiation modes 
Mode degeneration 

Suppression of the mode degeneration for B = 10 
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34 Self-reproducing FEL radiation modes 
Mode degeneration 
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FLASH: Transverse coherence and pointing stability 

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.  

FLASH: experiment 

FLASH: FAST simulations 
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36 

Optimized x-ray FEL 
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Optimized XFEL at saturation 

1.4 mm-mrad 

0.1 nm, 17.5 GeV 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 281(2008)1179; 281(2008)4727 ; NJP, 2010 in press. 

0.6 mm-mrad 
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38 

Optimized x-ray FEL 
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Transverse coherence 

Contribution to the total saturation power of the radiation modes with higher 
azimuthal indexes 1, 2, 3, 4… grows with the emittance.  
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40 

Optimized x-ray FEL 
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41 

Optimized x-ray FEL 
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42 Properties of the radiation: Optimum tapered versus 
untapered case 

Power and brilliance 

_______________________________ Degree of transverse coherence 
Coherence time 
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43 

Summary on transverse coherence 

• 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.   

• 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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Outline 
  

I. Start-up of the FEL process from shot noise: SASE FEL. 
II. Longitudinal coherence (temporal and spectral properties). Statistics.  
III. Transverse coherence.  

IV.Higher harmonics.  
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XFEL with planar undulator: odd harmonics  
 
 
 
  

• Radiation from SASE FEL with planar undulator contains visible 
contributions of odd harmonics, as well as incoherent radiation from 
undulator. 
 

• Statistical properties of the odd harmonic of the radiation from SASE 
FEL differ significantly from those of fundamental harmonic and 
incoherent undulator radiation. 
 

• An origin of this difference is that the process of generation of the 
harmonics in the SASE FEL is nonlinear transformation from the 
fundamental harmonic. 
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SASE FEL: Odd harmonics  
  

Instantaneous power 
Average power 

Temporal structure of the higher 
harmonics exhibits more spiky behavior 
with respect to the fundamental. 
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XFEL with planar undulator: odd harmonics  

Evolution of probability distributions 
for the 1st and the 3rd harmonics  

Linear 

Saturation 
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XFEL with planar undulator: odd harmonics  

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Phys. Rev. ST Accel. Beams 9(2006)030702 
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Coherence time:  1st, 3rd, 5th  

Average spectra: 1st, 3rd, 5th  

XFEL with planar undulator: odd harmonics  
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Optimizedf XFEL with planar undulator: odd harmonics 
Diffraction effects 
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Optimized XFEL with planar undulator: odd harmonics 
Diffraction effects 
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Summary 
  

• This lecture presents an overview of the properties of the radiation from 
x-ray free electron lasers. Simple formulae allow one to obtain 
quantitative description of the SASE FEL operating in the saturation 
regime. 
 

• For more details we address you to suggested further reading which 
highlights theoretical developments, up-to-date experimental activity at 
FLASH, LCLS, SACLA, and projects of XFELs to be realized soon: 
SWISS XFEL, PAL XFEL, and European XFEL. 

Thank you for your attention!       
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