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• Statistical properties.

• Longitudinal and transverse coherence. 

• Higher harmonics. 
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Qualitative look at the radiation properties

TTF FEL, 2001
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• An object of our analysis is an X-ray free electron laser (XFEL) – single pass FEL amplifier 

starting from shot noise in the electron beam. It is frequently named as SASE FEL (Self 

Amplified Spontaneous Emission FEL). 

• Amplification process starts from the shot noise in the electron beam. 

• The FEL collective instability in the electron beam produces an exponential growth of the 

modulation of the electron density on the scale of undulator radiation wavelength, and 

exponential growth of the radiation power. 



Qualitative look at the radiation properties

• Radiation generated by SASE FEL consists of wavepackets (spikes). Typical duration of the 

spike in the time domain is about coherence time c. 

• Spectrum also exhibits spiky structure. Spectrum width is inversely proportional to the 

coherence time,   1/c. Typical width of a spike in a spectrum is inversely proportional to the 

pulse duration T. 

power spectrum



Qualitative look at the radiation properties

• Longitudinal coherence is formed due to slippage effects (electromagnetic wave advances 

electron beam by one wavelength  =  u (1+K2)/(2 2) while electron beam passes one undulator

period  u. 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  c   Lg/(c u).

• Transverse coherence is formed due to diffraction effects. Typical figure of merit is ratio of the 

transverse area of the electron beam to the diffraction expansion of the radiation on a scale of 

field gain length, 2/( Lg) . 

• Amplification process selects narrow band of the radiation, coherence time is increased, and 

spectrum is shrinked. Transverse coherence is improved due to the mode selection process:



Statistics and probability distributions

z = 0.1 zsat z = 0.5 zsat
z = zsat

Evolution of the radiation power: P =  IEI2ds

Evolution of the radiation intensity in a slice: I =IEI2



Statistics and probability distributions

SaturationLinear regime Deep nonlinear regime

• Probability distributions look more elegant and seem to be described by relatively 

simple functions, at least in the linear and deep nonlinear regime. 

Probability distributions of the instantaneous radiation power: P =  IEI2ds

Probability distributions of the instantaneous radiation intensity I =IEI2



Statistics and probability distributions
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Statistics and probability distributions



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

Gain curve and dispersion 

of the radiation energy



Strict definitions of statistical  characteristics



Qualitative look at the evolution of the radiation 

properties in XFEL

Radiation power

Degree of transverse coherence

Coherence time

Brilliance

• Radiation power continues to grow along the undulator length. 

• Degree of transverse coherence and coherence time reach their maximum 

values in the end of exponential regime.

• Brilliance reaches maximum value at the saturation point.



Optimized XFEL

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 235(2004)415, 281(2008)1179; 281(2008)4727. 



Optimized XFEL at saturation

1.4 mm-mrad

SASE1 @ 0.1 nm

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 281(2008)1179; 281(2008)4727 ; NJP 12 (2010) 035010

0.6 mm-mrad



Qualitative look at the transverse coherence

2/ = 2.5,  = 0.65

t = 2 fs, 2.7 fs, 3 fs, 4.1 fs

2/ = 4.5,  = 0.4

t = 1.7 fs, 2.4 fs, 3.1 fs, 4.2 fs



Transverse coherence

• Contribution to the total saturation power of the radiation modes with 

higher azimuthal indexes 1, 2, 3, 4… grows with the emittance. 

• For large emittances the degree of transverse coherence in the saturation 

degrades due to poor mode selection and falls down as inverse sqare of 

emittance:  



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.

• Longitudinal coherence develops slowly with the undulator length (in fact as z1/2), 

thus preventing full transverse coherence.

• The gain is higher for smaller emittances  coherence time is smaller  more 

stronger effect of transverse coherence degradation.

z-s intensity distribution
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Degree of transverse coherence

2/ = 0.5 … 4



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 (ds/dz) 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

2/ = 0.5 … 4



XFEL with planar undulator: odd harmonics
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XFEL with planar undulator: odd harmonics

Evolution of probability distributions 

for the 1st and the 3rd harmonics

Linear

Saturation



Coherence time:  1st, 3rd, 5th

Average spectra: 1st, 3rd, 5th

XFEL with planar undulator: odd harmonics



Summary

• Statistical properties of the fundamental harmonic of the radiation from SASE FEL 

operating in the linear regime are described with gaussian statistics and correspond 

to those of completely chaotic polarized light. 

• Statistics of the high-harmonic radiation from the SASE FEL operating in the linear 

regime  changes significantly with respect to the gaussian statistics.

• Parameters of an optimized XFEL in the saturation are universal functions of the only 

parameter 2/ and are described by simple physical dependencies. 

• The best properties in terms of transverse coherence are achieved for 2/ ~ 1. At 

small values of the emittance the degree of transverse coherence is reduced due to 

strong influence of poor longitudinal coherence on a transverse one. At large values 

of the emittance the degree of transverse coherence degrades due to poor mode 

selection.

• XFEL driven by low energy (or, bad emittance) electron beam suffers from bad 

transverse coherence. Asymptotically degree of transverse coherence scales as 

Thank you for your attention!      




