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Generators using diffraction radiation (Cherenkov, transition radiation….) 

When an electron passes near the surface of the diffraction grating at the 
distance less then d it effectively excites an electromagnetic wave.  

for 500 keV electrons (γ=1.98, β=0.86) 
and  λ=3 mm ( ν=100 GHz) d=0.4 mm  

for 500 keV electrons (γ=1.98, β=0.86 ) 
and  λ=0.3 mm ( ν=1THz) d=0.04 mm  

Microwave instability of an electron beam ~        , threshold current ~ L-3, 
here ρ is the electron beam density, L is the length of the interaction zone 

When radiation wavelength 
decreases, d declines 



In an FEL a beam of relativistic electrons produced by an electron 
accelerator passes through a transverse, periodic magnetic field produced 
by a magnet called an undulator and exchanges energy with an 
electromagnetic radiation field. 

For a cold electron beam in Compton regime increment of electron beam 
instability is proportional to         , threshold current ~ L-3, here ρ is the 
electron beam density, L is the length of the interaction zone 



Threshold current jthr ~ L-3 

Increment of electron beam instability (gain) ~ 

The higher electron beam energy and shorter  
radiation wavelength => the higher threshold current 

Use of resonators with transverse dimension, which are 
much larger than the radiation wavelength, results in 
excitation of many modes 



Prediction of spontaneous and 
induced parametric and diffrac-
tion transition X-ray radiation 
from charged particles in 
crystals 
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The law was demonstrated to be valid not only for parametric radiation but for any 
type of spontaneous radiation (magnetic bremsstrahlung in undulator, radiation in 
laser wave, Smith-Purcell, diffraction or Cherenkov radiation and so on) from a 
charged particle moving either in a periodic medium or close to its surface. 

V.G.Baryshevsky, Doklady Akademy of Science USSR 299 (1988) 6 

Detailed analysis of induced PXR showed that for a photon radiated by an electron 
in a crystal in conditions of Bragg diffraction there are several refraction indices. 
When these refraction indices coincide, a new law of radiation instability originates. 
For example, in case of two wave diffraction the increment of electron beam 
instability is proportional to        in contrast to      . 

    V.Baryshevsky, I.Feranchuk Phys. Lett. 102 A, 141 (1984) 
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VFEL principles are applicable for 
        any type of crystals: either natural or artificial (photonic crystal) 
        any wavelength range (from microwave to optical and, even, X-ray)  
        any type of spontaneous radiation  

dynamical Bragg diffraction in a periodic medium (crystal) evokes the peculiar 
conditions, that result in a new law of electron beam instability:  
          (compare with          for conventional systems) 

here s is the number of surplus waves appearing due to diffraction (for example, in 
case of two-wave diffraction s=1, for three-wave diffraction s=2, etc). 

Within these peculiar conditions the electron beam 
interacts with the electromagnetic wave more 
effectively yielding to drastic reduction of generation 
threshold :  
jthr~L-(3+2s)  (for conventional systems jthr~L-3) 



one-dimensional distributed feedback two-dimensional distributed feedback 

Volume (non-one-dimensional) multi-wave distributed feedback is the 
distinctive feature of Volume Free Electron Laser (VFEL) 

three-wave diffration four-wave diffration six-wave diffration 

two-wave diffration 

eight-wave diffration 

. 

. 

. 



* Eurasian Patent no. 004665 

VFEL can use any spontaneous 
radiation mechanism (magnetic 
bremsstrahlung in undulator, 
radiation in laser wave, Smith-
Purcell, diffraction or Cherenkov 
radiation and so on).  



 more effective interaction of electron beam and 
electromagnetic wave, which leads to significant 
reduction of threshold current of electron beam and, 
as a result, miniaturization of generator  

 reduction of limits for available output power by the 
use of wide electron beams and diffraction gratings 
of large volumes 

 resonator dimensions can be much larger then 
radiation wavelength 



1996  
Experimental modeling of electrodynamic processes in the volume 
diffraction grating (photonic crystal) made from dielectric threads 
(Q-factor ~ 105) 

2001 

First lasing of volume free electron laser in mm-wavelength 
range. Demonstration of validity of VFEL principles and 
possibility for frequency tuning at constant electron energy   

2004 
VFEL prototype with volume photonic crystal made from metallic  
threads 
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V.A.Karpovich, V.M.Rodionova, NIM 393A (1997)  II-75 
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V.G.Baryshevsky, Proc. of the 28th Intern. Free Electron  
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  Lasing was observed 

  Radiation frequency change 
at rotation of diffraction 
grating was studied 
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  Rectangular resonator  

  Two diffraction gratings with different 
periods 

  Sheet electron beam (energy 10 keV) 

  Operation range about 4 mm 



simultaneous rotation of two diffraction gratings placed inside a 
rectangular resonator changes both radiation and diffraction conditions  

radiation frequency depends on 

the angle of gratings rotation θ: 
θ  is the angle of gratings rotation, β=v/
c, v is the electron beam velocity, κmn 
describes the eigenfrequencies of 
resonator (m=n=1) and τz is the 
projection of reciprocal lattice vector on 
the electron beam velocity direction  

two radiation frequencies - frequency 
splitting similar to complex Doppler effect 



* Baryshevsky V.G., Gurinovich A.A.  Spontaneous and induced parametric and 
Smith–Purcell radiation from electrons moving in a photonic crystal built from the 
metallic threads // Nucl. Instr. Meth. B. Vol.252. (2006) P. 92-101, physics/0409107 

Theoretical analysis* showed that 
periodic metal grid does not 
absorb electromagnetic radiation 
and the ''grid'' photonic crystal, 
made of metal threads, is almost 
transparent for the electro-
magnetic waves in the frequency 
range from GHz to THz. 



Analysis based on the multi-wave diffraction theory in periodical structures  
allowed us to find refraction indices for a “grid” photonic crystal built from 
metallic threads and to demonstrate that in contrast to a solid metal an 
electromagnetic wave falling on the described "grid" volume structure is 
not absorbed on the skin depth, but passes through the "grid" damping in 
accordance its polarization 

n|| ≠ n⊥  

the system own optical anysotropy (it possesses birefringence and dichroism) 
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V.G.Baryshevsky, A.A. Gurinovich. THz and MMW Sources using ''Grid'' Photonic 
Crystals. // IRMMW-THz2007 Conference digest  (Cardiff, UK, 3-7 September 2007). – 
2007. –   P. MonP5-54. 





Applying the method of slow-varying 
amplitudes the solution of Maxwell 
equations, which describe diffraction of 
s electromagnetic waves by a diffraction 
grating in presence of an electron beam, 
can be expressed as follows: 

Substituting this expression to the exact system of equations and collecting the 
quick-oscillating terms we obtain the system of (s+1) equations for waves Am 



J1, J2 are the currents, 

These equations are obtained in [V.G.Baryshevsky, A.A.Gurinovich, in Proceedings of FEL 
2006, pp.335-339 (2006); arXiv: physics/0608068] along with those for phase φm and 
change of Lorentz factor γ for an electron beam passing through resonator 

Detailed numerical analysis of these equations in linear and nonlinear regimes 
was made by Batrakov and Sytova [K.G. Batrakov, S.N. Sytova. Nonlinear analysis of 
quasi-Cherenkov electron beam instability in VFEL (Volume Free Electron Laser). Nonlinear 
Phenomena in Complex Systems, 42-48 (2005)] 



   tungsten threads of 100µm diameter 

   electron beam energy 250 keV 

   electron beam current 1 kA 

   pulse duration 100 nsec 

   electron beam diameter 32 mm 

ΔT < 125° 

if suppose that all electrons passing through the thread lose the 
whole energy for thread heating  

  6·1014 electrons in the beam 

   2 ·1012 electrons passes through a thread  

   0.08 Joule transferred to the thread 



electron beam energy 50-500 keV 



The ''grid'' structure is made 
of separate frames each 
containing the layer of 5 
parallel threads with the 
distance between the next 
threads dy=6 mm). Frames 
are  joined to get the ''grid'' 
structure. 

electron beam with β||=v||/c=0.5 (energy ≈80 keV) 

electron beam current participating in lasing process ≈ 10A 

pencil-like electron beam with the diameter 32 mm   

magnetic field guiding the electron beam ≈1.5 tesla. 

radiation frequency ≈ 10  GHz. 

BWO regime – detected power 10 kW 

Dependence of radiation power on resonator  length  



filtered microwave  
power signal 

microwave power signal 

electron gun voltage 

electron beam current 



The ''grid'' structure is made of separate frames each containing the layer of 5 
parallel threads with the distance between the next threads dy=6 mm), 12 frames 
were  joined to get the ''grid'‘ photonic crystal with the period 12.5 mm and another 
12 frames formed ''grid'‘ photonic crystal with the period 10.5 mm . 
Period of the second photonic crystal was chosen to provide for the electron beam, 
which have lost part of its energy for radiation in the first photonic crystal, the same  
radiation frequency. 

  electron beam with β||=v||/c=0.5 
(energy ≈80 keV) 
  pencil-like electron beam with the 
diameter 32 mm  
 electron beam current participating 
in lasing process ≈ 10A 

  radiation frequency ≈10  GHz. 
  BWO regime 
  resonator with two ‘’grid’’ photonic 
crystals  



Experiment results confirmed conclusion that photonic crystal 
with variable period could increase radiation output. 

filtered microwave power signal 

resonator with one ‘’grid’’ photonic 
crystal 

resonator with two ‘’grid’’ photonic 
crystals with different periods 



Joint experiment is being prepared by INP and 
Joint Institute for Nuclear Research (JINR, 
Dubna) at LINAC-800 (electron beam energy 6 
MeV) 

In 2008 the grid photonic crystal  will be used 
for generation of radiation with l= 2 mm (150 
GHz) and l= 0.3 mm (1 THz) 

Several experiments with Volume Free Electron Laser with the “grid” photonic 
crystals in millimeter and sub-millimeter wavelength ranges are in preparation now. 

•  radiation in the range 4-5 mm is expected to be observed  for the ”grid” photonic 
crystal, built from periodically strained tungsten threads in the  waveguide. 
•  double-cascaded Volume FEL with variable parameters  
•  Volume FEL with dynamical wiggler with spatially varied period 

At Research Institute for Nuclear Problems (INP) in the experiments with 
50-200 keV elecron beam  



All the principles and ideas, which are in the basis of VFEL 
operation, have been theoretically developed and 
experimentally confirmed. They give a good reason to 
conclude that Volume Free Electron Laser is very promising 
for development of radiation sources in centimeter, 
millimeter, sub-millimeter and optical wavelength ranges. 
Use of volume resonators of the described types provides to 
weaken requirements for the electron beam shape and 
guiding precision. Transverse dimensions of VFEL resonator 
could significantly exceed radiation wavelength. The electron 
beam and radiation power are distributed over the large 
volume that is beneficial for electrical endurance of the 
system and allow to create High Power Microwave sources. 


