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Basis for studies of coherence phenomena 

Description of coherence phenomena is the most complicated part of the FEL theory, and is 
essentially based on theoretical basis developed over last thirty years by numerous quantity of 
respectable scientists:  
• Linear theory: solution of the eigenvalue and initial value problem for high gain FEL amplifier, 

studies of the optical guiding effect and mode selection, studies of the shot noise effects: P. 
Sprangle, A. Gover, N. Kroll P. Morton. N. Rosenbluth, D. Proznitz, J. Slater, D. Lowental, W. 
Colson, A. Kondratenko, E. Saldin, H. Haus, R. Bonifacio, C. Pellegrini, G. Moore, E. 
Scharlemann, A. Sessler, J. Wurtele, H. Freund, W. Fawley, M. Xie, K.J. Kim,  S. Krinsky, J. 
Wang, L.H. Yu, Z. Huang, N. Vinokurov, O. Shevchenko, … 

• Nonlinear theory: development of physical models, numerical simulation tools (steady-state 
and time-dependent),  and numerical studies of FEL amplifiers: E. Scharlemann, W. Fawley, R. 
Jong, Z. Huang, W. Colson, T. Tran, J. Wurtele, P. Sprangle, H. Freund, S. Biedron, S. Milton, 
S. Reiche, L. Giannessi, P. Pierini, C. Penman, B. McNeil, and hundreds more individuals 
produced practical results … 

One-page list can not accommodate all names, and detailed history of contributions can be found 
in the reviews by K.J. Kim, Z. Huang, C. Pellegrini, A. Gover, L. Giannessi … 
 

We started FEL studies in the USSR in early 80th, but joined international FEL community much 
later, with first open publications in the beginning of 90th. Start of collaboration with DESY in 1994 
on TESLA , TTF FEL (FLASH), and x-ray FEL projects strongly stimulated us to launch detailed 
studies of SASE FEL, and after 20 years we are ready to describe this complicated phenomena in 
an elegant way. Key elements here are clear physical picture and application of similarity 
techniques.  It is our pleasure to share this knowledge with you. 
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Qualitative picture of coherence properties 
 

• Longitudinal coherence is formed due to slippage 
effects. A figure of merit is relative slippage of the 
radiation with respect to the electron beam on a 
scale of the field gain length  coherence time. 

  
• Transverse coherence is formed due to diffraction 

effects. A figure of merit is ratio of the diffraction 
expansion of the radiation on a scale of the field gain 
length to the transverse size of the electron beam.  

TTF FEL, 2001 

V. Ayvazyan et al., Phys. Rev. Lett. 88(2002)10482 
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Statistical properties of the radiation from SASE FEL 
Probability distributions of the radiation intensity and power 

Saturation Linear regime Deep nonlinear regime 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Statistical properties of radiation from VUV and X-ray free electron laser, 
Opt. Commun. 148 (1998) 383-403 
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Strict definitions of statistical  characteristics  

• Radiation power continues to grow along the 
undulator length.  

• Brilliance reaches maximum value in the 
saturation point. 

• Degree of transverse coherence and 
coherence time reach their maximum values in 
the end of exponential gain regime. 
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1-D theory:  main properties of SASE FEL 

K.J. Kim, Nucl. Instrum. and Methods A 250(1986)396. 
J.M. Wang and L.H. Yu,  Nucl. Instrum. and Methods A 250(1986)484. 
R. Bonifacio, L. De Salvo, P. Pierini, N. Piovella, and C. Pellegrini, Phys. Rev. Lett. 73 (1994) 70. 
E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Phys. Rev. ST Accel. Beams 9(2006)030702.  
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Qualitative look at the transverse coherence 

Thin (diffraction limited)  electron beam 

Wide electron beam 

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

E.A. Schneidmiller, M.V. Yurkov, J. Mod. Optics 
(2015), DOI: 10.1080/09500340.2015.1066456. 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Output power and degree of transverse coherence of X-ray free electron 
lasers, Opt. Commun. 281 (2008) 4727-4734. 
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Self-reproducing FEL radiation modes 
Mode degeneration 
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Optimized x-ray FEL 

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Design formulas for short-wavelength FELs, Opt. Commun. 235 (2004)415-420; 
Coherence properties of the radiation from X-ray free electron laser, Opt. Commun. 235 (2004)1179-1188.  
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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; New J. Phys. 12 (2010) 035010 

0.6 mm-mrad 
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Limitations on transverse coherence for diffraction 
limited beam 

• 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. Moreover,it 
falls down at very small emittance values. 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. In fact, within framework of the linear theory, the degree of transverse 
coherence asymptotically tends to the unity not exponentially, but proportionally to 1/z1/2, in the 
same way as the radiation spectrum of SASE FEL is shrinking.  

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  
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Optimized x-ray FEL: mode degeneration 

N=1 

N=2 
N=3 
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Optimized x-ray FEL: pointing stability, slice and projected 

Full photon pulse (projection of all slices)  Slice 
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Optimized x-ray FEL: pointing stability (slice) 
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FLASH: Transverse coherence and pointing stability. 
Experiment and theory 

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% (ζ ∼ 0.8).  
Result: unstable shape and pointing of the photon pulse.  

FLASH: experiment 
2007               2015 

FLASH: FAST simulations 

gain TEM10 / gain TEM00 Diffraction parameter 

E.A. Schneidmiller, M.V. Yurkov, J. Mod. Optics 
(2015), DOI: 10.1080/09500340.2015.1066456. 
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Is it possible to generate fully coherent radiation  
in seeded and self-seeded hard x-ray FELs? 
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Summary 
• Application of similarity techniques allows to describe coherence phenomena in 

SASE FEL in an elegant way on both, qualitative and quantitative level. Main 
parameters of the problem are FEL parameter ρ for temporal coherence, and 
diffraction parameter B for transverse coherence.  

• Inverse value of the FEL parameter ρ gives the scale of the coherence length in the 
units of the radiation wavelength. Diffraction parameter is the ratio of the electron 
beam size to the area of diffraction expansion of the radiation on a scale of the field 
gain length, and is the figure of merit for the strength of diffraction effects.   

• Application of similarity techniques to the results of numerical simulations allows to 
derive simple physical dependencies. For instance, all characteristics of optimized x-
ray FEL with small energy spread depend on the only parameter, 2πε/λ, the ratio of 
the geometrical emittance to the radiation wavelength.  

• It is predicted that X-ray FELs operating at 
short wavelengths will demonstrate  
degradation of the transverse coherence, 
slice field patterns will significantly deviate 
from gaussian, and the pointing stability 
will degrade with the increase of the 
parameter 2πε/λ > 1.  
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