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During the propagating of modulated relativistic electron bunch formed in an undulator of X-ray free electron la-

ser (XFEL) due to the mechanism of self amplified spontaneous emission (SASE) through a crystal located at exit from 

the undulator, quasimonochromatic X-ray pulse is formed – superradiant parametric X-ray quanta (SPXE) in the case of 

a resonance between the frequency of parametric X-ray radiation and the frequency of modulation of the electron 

bunch. The intensity of this pulse is proportional to the square of the number of electrons in the bunch, and its character-

istics are comparable with the parameter of the main XFEL pulse directed along the electron velocity. Meanwhile, the 

pulse of the SPXE will be directed at a large angle to the electron velocity, which expands  the applicability of the 

XFEL. 

 

Parametric X-ray radiation (PXR) is a well-known mechanism of radiation of charged 

particles propagating in a periodic medium [1]. Its qualitative properties are the emission of quasi-

monochromatic X-ray beams at a large angle to the electron velocity and the possibility of continu-

ous tuning of the radiation frequency by simple rotation of the crystal. We consider that the charged 

particles are a bunch of electrons emitted from the XFEL channel. Due to the SASE mechanism, the 

electron bunch, whose density was initially uniformly distributed, is transformed into a sequence of 

minibunches, which leads to spatial modulation of the electron density with a period d0. Subse-

quently, when the bunch propagates inside the undulator, coherent radiation is formed with a fre-

quency 
0 02 / d =  and intensity proportional to the square of the number of electrons in the 

bunch. Coherent radiation propagates in a small cone along the electron velocity. The resonance 

between the bunch modulation frequency and the emitted photon frequency occurs automatically, 

since the beam modulation and the emission frequency are determined by the same undulator radia-

tion mechanism. 
 

  
Figure 1 – Qualitative scheme of the processes leading to the generation of SPXE pulses in the XFEL channel. 

 

Now let us consider the case of SPXE, when we assume that the electron bunch is modulated 

in density inside the undulator and at the end of the exit hits the crystal target (Figure 1), where 

PXR is generated with a frequency ωB depending on the crystal structure and the angle θB between 

the crystallographic planes and the electron velocity. The angle θB can be chosen such that the reso-

nance condition ω0 ≈ ωB. As a result, in addition to the main XFEL pulse, the SPXE pulse will be 

generated with intensity proportional to the square of the number of electrons in the bunch and di-

rected at a large angle to the electron velocity direction. The characteristics of the SPXE are compa-

rable with the parameter of the main pulse of the XFEL, and the higher harmonics of the SPXE can 

be used to generate pulses of harder X-ray radiation without requiring a change in the energy of the 

electron bunch. 

A simple and effective method for describing the electromagnetic processes of relativistic 

charged particles interacting with a medium, namely the method of equivalent photons (pseudopho-

tons, the Weizsäcker-Williams approximation) is used to analyze the SPXE according to its qualita-

tive estimation. Accordingly, the intrinsic field of a relativistic charged particle is equivalent in its 

Undulator 

Electron 

 

bunch 

          

          
Crystal 

 

SPXE pulse (II harmonic) 

XFEL pulse 

Beam dump 

SPXE pulse (I harmonic) 



Секция 4. Прикладные проблемы физики конденсированного состояния 

 355 

characteristics to a beam of pseudophotons. In the frequency range much lower than the particle en-

ergy E, i.e. ω ≪ E, the spectrum of pseudophotons can be obtained by the classical description [2]. 

Maxwell equations will take the following form: 
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wher □ – d'Alembert operator, the sum applies to all particles, each of which is in the initial position 

ar  and has the velocity av . 

Using the Fourier transform, one can calculate the electromagnetic fields ( , )E r t  and ( , )H r t . 

The projection of the electromagnetic field energy flux on the x axis along the average velocity v  is 

determined by the following expression [3]: 
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where relativistic gamma factor of the particle γ = E/m, photon with frequency ω and wave vector 

( / , )k v v k ⊥= , the angle θa determines the small angular divergence of the electron bunch, so that 

;    a a av v v v v = + . 

This projection can be split into the sum of two parts: 

 sp coh =  +   (4) 

The incoherent (spontaneous) flux Πsp corresponds to the case when the indices are the same, 

i.e., a = b 

 

2 2
0
2 2 2 2 2

2
0

( )  ;
2 [ ]

2
( ) ln

sp sp

x

sp

e k
N dk n d

v k k

e m
n N

  
 




 

⊥
−

⊥

 = =
+

=

 
 (5) 

The coherent part Πcoh is given by the following expression: 
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where d0 – the oscillation period of the modulated bunch of length Lb = Kd0, parameter σc≪d0 de-

termining fluctuations of the oscillation period, and the number of the minibunches K ≫ 1. 

Let us compare the contributions of the coherent Ncoh and incoherent Nsp parts with the chosen 

parameters as follows: the typical electron energy 6.7GeV; 13111E = = . Parameters 410a −=  

and 52 10 cmb −=  , the parameter 
2 2 0.2a  −  . Let the bunch charge 0.2 nCQ = , which corre-
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sponds to 91.2 10N =   electrons. The duration of the photon pulse can be chosen equal to 25 fs, 

which corresponds to the length of the modulated bunch 58.3 10 cmbL −=   and the modulation peri-

od 8
0 10 cmd −=  with the parameter 910 cmс −= . Figure 2 shows the incoherent and two harmon-

ics of the coherent spectral density of pseudophotons of the modulated bunch with these parameters 

[4]. 
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Figure 2 – The incoherent and two harmonics of the coherent pseudophotons spectral densities. 

 

Finally, the typical frequency spread for the XFEL pulse 3
0/ 10  −   and the frequency 

8 1
0 6.28 10 cm −=  . Thus, we can estimate the number of incoherent photons: 

5
0( ) 1.1 10sp spN n  =  =   , this number is significantly less than the corresponding number of 

photons emitted by the XFEL pulse. At the same time, the number of coherent photons near the res-

onant frequency 02 /l l d = : 115.9 10cohN    this number is comparable to the number of pho-

tons in the undulator XFEL pulse. In addition, the number of pseudophotons corresponding to the 

second harmonic (l = 2) is 10 times less. 

We have shown that SPXE results from the reflection of coherent pseudophotons from crys-

tallographic planes [4]. The frequencies of these pseudophotons are located near the resonance fre-

quency 0 02 / d = . 
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where ps – angular spread of pseudophotons. Thus, real photons are emitted at a large angle 2θB 

to the electron velocity. Then, by choosing the orientation of the crystal, photons can be directed to 

any desired location. This makes it possible to obtain additional experimental windows in XFEL 

experiments. 
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