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The basis of the operation of such devices is the emission of electrons, grouped in 

bunches and interacting in a cavity (slow-wave spatially periodic medium) with slow 

electromagnetic waves. The generated electromagnetic wave power has its group 

velocity directed along or oppositely to the direction of motion of the electrons. 

*Patent FR1035379 (A) : Bernard Epsztein, "Backward flow travelling wave devices", published 1959-03-31

** R Kompfner. Wireless World 52(1946), 369; Proc. IRE 35(1947), 124; Travelling-wave tubes. Reports on Progress 

in Physics,15 (1952),275

Pierce J R Traveling-Wave Tubes. In the Bell System Technical Journal (New York: Van Nostrand). Jan 1950. Vol. 

XXIX, N1, p.1-59; April 1950, p.189-250. Traveling-Wave Tubes. Published by D. Van Nostrand Co., 1950. 260 p.  



Vacuum electronic devices

Journal of Applied Physics 15, 721 (1944)



Список научных трудов М.Ф.Стельмаха
1. Лошаков Л.Н., Ольдерогге Е.Б., Стельмах М.Ф. Технический отчет по НИР «Разработка принципов генерации 

электромагнитных колебаний с помощью ламп бегущей волны», тема №105, НИИ-5, 1947, 112 с.

2. Кулик И.М., Никифоров В.М., Ольдерогге Е.Б., Стельмах М.Ф. – руководитель работы. Технический отчет по НИР 

«Исследование методов снижения волны в генераторной лампе бегущей волны сантиметрового диапазона». Шифр 

«Лафет». Тема 193/д-45-48. НИИ-5, 1948, 136 с.

3. Лошаков Л.Н., Стельмах М.Ф. Генераторные лампы бегущей волны. Вестник информации БНТ №5, 1948.

4. Лошаков Л.Н., Стельмах М.Ф. К теории физических явлений в волнотроне. Вестник информации БНТ №9, 1948.

5. Стельмах М.Ф. Генераторное устройство микроволнового диапазона. А.с. №172364 с приоритетом от 31.V.1948 г.

6. Кулик И.П., Никифоров В.М., Ольдерогге Е.Б., Стельмах М.Ф. – руководитель работы. Технический отчет по НИР 

«Разработка и изготовление генераторных ламп на волну 0,8 см для использования их в аппаратуре по освоению 

указанного диапазона». Тема 172-55-50. Шифр «Комитет В». НИИ-5, 1950, 140 с.

7. Иевский А.В., Лошаков Л.Н., Стельмах М.Ф. Малошумящая пушка для ламп с бегущей волной. А.с. №14195 с 

приоритетом от 23.Х.1950.

8. Лошаков Л.Н., Кулик И.М., Никифоров В.М., Стельмах М.Ф. Генераторные лампы с бегущей волной 

сантиметрового и миллиметрового диапазона волн. Труды 35-й Научно-технической конференции БНТ, 1951.

9. Иевский А.В., Лошаков Л.Н., Стельмах М.Ф. Усилительная лампа с бегущей волной, имеющая малый фактор шума. 

Вестник информации БНТ, №10, 1951.

10. Стельмах М.Ф. (руководитель работы). Технический отчет по НИР «Усилительная лампа с бегущей волной 10 см 

диапазона» Тема 149-55-51. НИИ-5, 1951, 47 с.

11. Лошаков Л.Н., Кулик И.М., Стельмах М.Ф. Генерация электромагнитных колебаний при помощи ламп с бегущей 

волной. Известия Академии артиллерийских наук, №25, 1952.

12. Лошаков Л.Н., Иевский А.В., Никифоров В.М., Брук М.А., Стельмах М.Ф. Технический отчет по НИР «Улучшение 

параметров усилительной лампы с бегущей волной на 10 см диапазоне». Тема 37-55-52. НИИ-5, 1952, 107 с.

13. Стельмах М.Ф. (руководитель работы). Технический отчет по НИР «Исследование возможности разработки лампы с 

бегущей волной для усиления высокой частоты в трехсантиметровом диапазоне». Тема 36-55-52. НИИ-5, 1953, 123 с.

14. Стельмах М.Ф. Некоторые вопросы распространения и взаимодействия с электронным пучком электромагнитных 

волн в периодических структурах. Диссертация на соискание ученой степени кандидата техн. наук. НИИ-5, 1954 г. 178 

с.

АО «НИИ «Полюс» им. М.Ф.Стельмаха» (Москва)



Vacuum electronic devices

The THz regime 100 GHz – 1 THz and beyond lies in between the 

electronics and photonics area of research. The green line emphasizes the 

sharp drop in output power (P~f-2 scaling no longer holds) observed for 

both solid state and vacuum based compact microwave devices in the THz 

region*.

*Williams, G.P. Rep. Prog. Phys., 2006. 69: p. 301-326; Siegel, P.H. IEEE Trans.Microwave Theory and 

Techniques, 2002. 50(3).



Vacuum electronic devices

Millimeter Wave to THz important applications*

• industrial quality control, 

• non-intrusive contra-band 

item detection, 

• medical imaging/cancer 

diagnostics, 

• all weather visibility 

systems for aviation safety, 

• advanced 

telecommunication systems, 

• radar with high wireless data 

transfer rates for LPI (low 

probability of interception),

• commercial applications 

* Appleby R. H.B. Wallace. IEEE Trans. Antennas and Propagation, 2007. 55(11): p. 2944; Davies A.G. et 

al. Materials Today, 2008. 11(3): p. 18-26; Tonouchi M. Nat Photon, 2007. 1(2): p. 97-105; Yujiri L., M. 

Shoucri, P. Moffa. IEEE Microwave Magazine, 2003: p. 39 - 50.



Vacuum electronic devices

State of the art and prospective devices in terms of Pavgf
2Df/f figure of merit*

At all frequencies VED supersedes in producing higher power than a solid state power 

amplifier (SSPA) device.

Fundamental differences: 

In VED the electron beam flow in vacuum is collisionless.

In SSPA the collision-dominated stream diffuses through a semi-conducting solid. 

* Borsuk, G.M., B. Levush. In Vacuum Electronics Conference (IVEC), 2010 IEEE Int.



Vacuum electronic devices*

Conceptual 3D drawing of the staggered 

double vane THz sheet beam TWT circuit with 

the elliptical sheet beam

Conceptual Drawing of 220 

GHz TWTA including 

electron gun section, 

input/output couplers, PPM 

focusing assembly and 

collector

* http://tempest.das.ucdavis.edu/vacuum/

Double-vane half period staggered 0.22 THz Sheet Seam TWT 

http://tempest.das.ucdavis.edu/vacuum/


Resonators, spatially–periodic

systems* for microwave range

Spirals Comb structures

* R.A.Silin. Periodical waveguides. 2002 Invention SU 1 840 644 A1 dated 04.09.1956,

published 10.08.2007

Pin-type and slotted systems



Free Electron Lasers (FEL)

A Free Electron Laser* differs from conventional lasers in using a 

relativistic electron beam as its lasing medium, as opposed to bound 

atomic or molecular states, hence the term free-electron. FELs generate 

tunable, coherent, high power radiation in wavelengths from millimeter 

till ultraviolet and X-ray. 

*J. Madey, J. Appl. Phys. 42 (1971), 1906



Free Electron Lasers (FEL)



Free Electron Lasers



FELs in the 

world *

Only operating FEL 

oscillators with 

wavelength < 10 mm 

are included.

User facility" means a 

dedicated scientific 

research facility open 

to outside researchers.

LOCATION NAME WAVELENGTHS TYPE STATUS

RIKEN

(Japan)
SACLA FEL 0.63 - 3 Å Linac

operating

user facility

SLAC-SSRL

(USA)
LCLS FEL 1.2 - 15 Å Linac

operating

user facility

DESY

(Germany)
FLASH FEL 4.1 - 45 nm SC Linac

operating

user facility

ELETTRA

Trieste, Italy
FERMI 4 - 100 nm Linac

operating

user facility

SDL(NSLS)

Brookhaven (USA)

HGHG

FEL
193 nm Linac

operating

experiment

Duke Univ.

NC (USA)
OK-4 193 - 400 nm storage ring

operating

user facility

iFEL

(Japan)

3

2

1

4

5

230 nm - 1.2 µm

1 - 6 µm

5 - 22 µm

20 - 60 µm

50 - 100 µm

linac
operating

user facility

Univ. of Hawaii

(USA)
MK-V 1.7 - 9.1 µm linac

operating

experiment

FOM

(Netherlands)

FELIX1

FELIX2

3.1 - 35 µm

25 - 250 µm
linac

operating

user facility

LURE - Orsay

(France)
CLIO 3 - 150 µm linac

operating

user facility

Jefferson Lab

VA (USA)

3.2 - 4.8 µm

363 - 438 nm
SC-linac

operating

user facility

Science Univ.

of Tokyo (Japan)
FEL-SUT 5 - 16 µm linac

operating

user facility

FZ Rossendorf

(Germany)
FELBE

4-22 µm

18-250 µm
SC-linac

operating

user facility

UCSB

CA (USA)

FIR-FEL

MM-FEL

30 µ-FEL

63 - 340 µm

340 µm - 2.5 mm

30 - 63 µm

electrostatic
operating

user facility

* http://sbfel3.ucsb.edu/www/fel_table.html

http://xfel.riken.jp/eng/
http://www-ssrl.slac.stanford.edu/lcls/
http://flash.desy.de/
http://www.elettra.trieste.it/lightsources/fermi/machine.html
http://sdl.nsls.bnl.gov/
http://www.fel.duke.edu/
http://www.fel.eng.osaka-u.ac.jp/english/index_e.html
http://www.phys.hawaii.edu/research/AAPPSfel.pdf
http://www.rijnhuizen.nl/en/felix/specifications
http://clio.lcp.u-psud.fr/
http://www.jlab.org/FEL/
http://www.rs.noda.sut.ac.jp/~felsut/english/index.htm
http://www.fz-rossendorf.de/FELBE/
http://sbfel3.ucsb.edu/
http://sbfel3.ucsb.edu/www/fel_table.html


ENEA – Frascati

(Italy)
3.6 - 2.1mm microtron

operating

user facility

ETL – Tsukuba

(Japan)
NIJI-IV 228 nm storage ring

operating

experiment

IMS – Okazaki

(Japan)
UVSOR 239 nm storage ring

operating

experiment

Dortmund, Univ.

(Germany)
Felicita 1 470 nm storage ring

operating

experiment

LANL

NM (USA)

AFEL

RAFEL

4 - 8 µm

16 µm
linac

operating

experiment

Darmstadt Univ.

(Germany)
IR-FEL 6.6 - 7.8 µm SC-linac

operating

experiment

IHEP

(China)
Beijing FEL 5 - 25 µm linac

operating

experiment

CEA – Bruyeres

(France)
ELSA 18-24 µm linac

operating

experiment

ISIR – Osaka

(Japan)
21-126 µm linac

operating

experiment

JAERI

(Japan)

22 µm

6 mm

SC-linac

induction linac

operating

experiment

Univ. of Tokyo

(Japan)
UT-FEL 43 µm linac

operating

experiment

ILE – Osaka

(Japan)
47 µm linac

operating

experiment

LASTI

(Japan)
LEENA 65 - 75 µm linac

operating

experiment

KAERI

(Korea)

80 - 170 µm

10 mm

Microtron

electrostatic

operating

experiment

Budker Inst.

Novosibirsk, Russia
110 - 240 µm linac

operating

experiment

Univ. of Twente

(Netherlands)
TEU-FEL 200-500 µm linac

operating

experiment

Tel Aviv Univ.

(Israel)
3 mm electrostatic

operating

experiment

FELs in the 

world *

http://www.frascati.enea.it/fis/lac/fel/fel2.htm
http://www.etl.go.jp/etl/linac/e/
http://uvsor-ntserver.ims.ac.jp/defaultE.htm
http://www.delta.uni-dortmund.de/pub/fel/FEL.html
http://linac.ikp.physik.tu-darmstadt.de/fel/fel.html
http://www.ihep.ac.cn/english/BFEL/index.htm
http://www.sanken.osaka-u.ac.jp/labs/as/study/fel-e.html
http://wwwapr.apr.jaeri.go.jp/e/kre_e/pamphlet_e/page06e.htm
http://www.lasti.himeji-tech.ac.jp/NS/id/OK/
http://www.kaeri.re.kr/fel/
http://www.tn.utwente.nl/lf/research/Lasers/FEL/teufel/teu-fel.htm


FELs Under Development

 FELiChEM (China)

 European X-ray FEL (Germany)

 TARLA FEL, Turkish Accelerator and Radiation Laboratory at Ankara (Turkey)

 SwissFEL, Paul Scherrer Institute (Switzerland)

 Institute for Plasma Research (India)

 LEUTL APS, Argonne National Lab (US)

 Center for Advanced Technology (India)

 University of Hawaii (US)

 UCLA Particle Beam Physics Lab

 Osaka University - ISIR (Japan)

 Photonic FEL (Netherlands) 

 WIFEL - University of Wisconsin, Madison (US)

 NGLS - Lawrence Berkeley Lab (US)

 SPARC Project - INFN (Italy)

 Daresbury 4GLS (UK)

Proposed FELS



Super-ACO FEL

Super-ACO (Orsay, 
France) is a 800 MeV 
storage ring dedicated for 
applications of  
synchrotron radiation that 
has been operated in Orsay 
since March 1987 till 2003. 

The Super-ACO FEL 
(SRFEL) source has  been  
the  first storage ring FEL 
to provide coherent 
radiation  for  users  in the 
UV, since 1993



An application of laser–

plasma acceleration: towards 

a FEL amplification



News, 04 May 2017*

Biggest X-ray laser in the world generates its first laser light. With its first lasing, 

the European XFEL reaches the last big milestone before the official opening

* http://www.xfel.eu/

http://www.xfel.eu/


FEL properties*

*Free Electron Lasers and Other Advanced Sources of Light: Scientific Research Opportunities. The National 

Academies Press (1994) doi: 10.17226/9182

 Tunability. Because the FEL uses a single gain medium, the relativistic 
electron beam, and because the resonant condition can be easily tuned 
by changing either the electron beam energy or the magnetic field 
strength, FELs are broadly and easily tuned. A factor-of-10 tunable 
frequency range has already been demonstrated with the same 
accelerator and undulator.

 High peak power. Because waste energy is carried away at nearly the 
speed of light and because the lasing medium cannot be damaged by 
high optical fields, FELs can produce very high peak powers. 

 Flexible pulse structure. Because the pulse structure of the radiation 
follows the pulse structure of the electron beam, the mature RF 
technology of linear accelerators can be used to manipulate and control 
the FEL pulse structure. Picosecond pulses with sub-picosecond jitter 
can be produced, the interval between pulses can be varied, and there is 
the possibility of producing complicated pulse structures.



FEL properties*

*Free Electron Lasers and Other Advanced Sources of Light: Scientific Research Opportunities. The National 

Academies Press (1994) doi: 10.17226/9182

 Good laser characteristics. FELs easily achieve desirable properties associated 
with conventional lasers, such as a single transverse mode, high spatial and 
temporal coherence, and flexible polarization properties.

 Broad wavelength coverage. Because the gain medium is transparent at all 
wavelengths, FELs in principle can produce radiation at any wavelength. In 
practice, electron-beam energy, current, emittance, and energy spread 
requirements become more stringent as the wavelength decreases, and the cost, 
size, and complexity of the FEL are therefore higher at shorter wavelengths. 

 Size and cost. Because it requires an electron accelerator with its associated 
shielding, the FEL has not been a device that can be placed in an individual 
investigator's laboratory an FELs have been used principally in central facilities, 
where their utilization in scientific research involves associated costs of 
maintaining and operating the facility in addition to the cost of the device itself. 



Simulation programs*

Code Description Platform Parallel Source

Parmela (UCLA) Particle Tracking Linux, Mac no yes

Homdyn Particle Tracking Linux, Mac no no

Tredi Particle Tracking Linux yes yes

QUINDI
Particle Tracking and Lienard-

Weichert
Linux yes yes

Genesis 1.3 Particle Tracking Linux, Mac no yes

Elegant Particle Tracking Linux, Mac, Win no no

Spur Lienard-Weichert Linux, Mac yes yes

fieldEye Lienard-Weichert Linux yes yes

Ampere Maxwell Solver Win no no

Poisson/Superfish Maxwell Solver Linux no yes

Gdfidl Maxwell Solver Linux no yes

Radia Maxwell Solver Mac, Win no no

HFSS Maxwell Solver Win no no

Magic Plasma Dynamics Win no no

OopicPro Plasma Dynamics Linux yes yes

*http://pbpl.physics.ucla.edu/Computing/Code_Overview/

http://pbpl.physics.ucla.edu/Computing/Code_Overview/#parmela
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#homdyn
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#tredi
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#quindi
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#genesis
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#elegant
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#spur
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#fieldEye
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#ampere
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#poisson
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#gdfidl
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#radia
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#hfss
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#magic
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#oopic
http://pbpl.physics.ucla.edu/Computing/Code_Overview/


System of equations for FEL 

simulation



System of equations for FEL 

simulation*

*Pellegrini C., Marinelli A., Reiche S. Rev. Mod. Phys., Vol. 88(2016), 015006



1D system of equations for 

BWT, TWT, FEL etc.*

System is versatile in the sense that they remain the same within some

normalization for a wide range of electronic devices (FEL, BWT, TWT etc.).

*N.S.Ginzburg, S.P.Kuznetsov, T.N.Fedoseeva. Izvestija VUZov - Radiophysics, 21 (1978), 1037

**Pellegrini C., Marinelli A., Reiche S. Rev. Mod. Phys., Vol. 88(2016), 015006



Simulation of FEL

multiple 

coherent 

components

Pulsed photon correlations in XFEL



Simulation of FEL



Chaotic dynamics means the tendency of wide range of systems 

to transition into states with deterministic behavior and unpredictable behavior. 

Nonlinearity is necessary but non-sufficient condition for chaos in the system. 

The main origin of chaos is the exponential divergence of initially close 

trajectories in the nonlinear systems. This is so-called the “Butterfly effect”** 

(the sensibility to initial conditions).

Bifurcation is any qualitative changes of the system when control parameter m

passes through the bifurcational value m0.

Dynamical systems*

*H.-G. Schuster, "Deterministic Chaos" An Introduction, Physik Verlag, (1984)

** E.N. Lorenz, J. Atmos. Sci. 20 (1963), 130

Hur M. S. et al.  Phys. Rev.  E58 (1998), 936-941

Ninno G., Fanelli. D. Phys. Rev. Let. 92 (2004), 094801

Bruni C. et al. Nucl. Instr. Meth. A528 (2004), 273-277

Thomas C.A. et al. Eur. Phys. J. D32 (2005), 83-93

Marchewka C. et al. Phys. Plasma (2006),13, 013104

Kuznetsov S.P. Izvestija VUZov - Applied Nonlinear Dynamics,  14 (2006), 3-35

Kuznetsov S.P., Trubetskov D.I. Izvestija VUZov – Radiophysics,  47 (2004),  383-399



Chaos in FEL

*M. Billardon. Storage ring free-electron laser and chaos Phys. Rev. Lett. 65 (1990), 713

S.J. Hahn, J.K. Lee. Bifurcations in a short-pulse free-electron laser oscillator. Physics Letters A 175 (1993) 

339-343



Chaos in Super-ACO FEL*

*De Ninno, G., Fanelli, D., Bruni, C. et al.. Eur. Phys. J. D (2003) 22: 269. 

C. Bruni et al. Eur. Phys. J. D 55, 669-677 (2009)



Dynamical diffraction*

    


( , ) ( , )exp( )r r  i

0(0, )=1+  , 

= τ

ε ω χ

ε( τ,ω) χ  

D(r,t) (r,)E(r,t)

Electrical induction is represented as follows:

In accordance with Landau** an expression for the dielectric permittivity of a 

crystal can be used to describe the diffraction of X-ray quanta in a crystal, which 

is independent of the polarization of the photon as a spatially periodic function:

1 2 3

2 2 2
, ,

d d d

   
  
 

τ

The well-known Bragg equation 

determines the Bragg diffraction angle*,***

The scattering amplitudes increase sharply when 

τkk 

2 sink  

 is a reciprocal lattice vector.

*Bragg, W.H.; Bragg, W.L.(1913) "The Reflexion of X-rays by Crystals". Proc R. Soc. Lond. A. 88 (605): 428–38. 

** Landau & E.M. Lifshitz Electrodynamics of Continuous Media (Vol. VIII).
***Выведено в 1913 независимо У. Л. Брэггом и Г. В. Вульфом (Википедия). 



Dynamical diffraction*

*Bragg, W.H.; Bragg, W.L. (1913). Proc R. Soc. Lond. A. 88 (605): 428–38.

Nobel Prize 1914: Max von Laue - "For his discovery of the diffraction of 

X-rays by crystals",an important step in the development of X-ray 

spectroscopy.

Nobel Prize 1915: William Henry Bragg and William Lawrence Bragg -

"For their services in the analysis of crystal structure by means of X-

rays",an important step in the development of X-ray crystallography



Different diffraction 

geometries


h

h

Bragg geometry
Laue geometry

 is a reciprocal lattice vector.

Principles of diffraction are valid from X-ray to THz range.



Different diffraction geometries

Bragg-Bragg geometry

Bragg-Laue geometry

Laue-Laue geometry



Experiments on multiwave 

X-ray dynamical diffraction*

Scheme of experiments

4-wave 8-wave

Experimental results

*V.Afanasenko, V.Baryshevsky et al. Tech.Phys. Let. 15 (1989) 33

V.Afanasenko, V.Baryshevsky et al. Phys. Lett. A141 (1989) 311

V.Afanasenko, V.Baryshevsky et al. JETP Let. 51 (1990) 213



Parametric 

(quasi-Cherenkov) radiation

*Cherenkov, P. A. Doklady Akademii Nauk SSSR. 2(1934) 451.

**Baryshevsky V.G. Dokl. Academy of Sciences of the BSSR, 15 (1971), 306.

Cherenkov radiation*, also known as Vavilov–Cherenkov radiation is 

electromagnetic radiation emitted when a charged particle passes through a 

dielectric medium at a speed greater than the phase velocity of light in that 

medium. Nobel Prize 1958 - P.A.Cherenkov, I.Frank, I.Tamm "for the 

discovery and the interpretation of the Cherenkov effect”.

According to Landau (vol.VIII), the dielectric permittivity <1  (the refractive 

index                      and the Vavilov-Cerenkov radiation in the X-ray region should 

be absent. However, in 1971, Baryshevsky** showed that, nevertheless, when a 

large-energy particle moves through a crystal due to the diffraction of emitted 

photons in a crystal, it is possible that X-ray induced radiation (and, as a 

consequence, spontaneous) Vavilov-Cherenkov radiation.

A new type of radiation was called parametric X-ray radiation (PXR). 

Its origin is due to the fact that in a periodic medium, which is a crystal, photons 

have several refractive indices, among which there are refractive indices of  n > 1 

in the X-ray (and g-) range. PXR generation in a crystal is accompanied by 

excitation in the X-ray range of waves with  n > 1 (slow waves) and waves with  

n<1 (fast waves).

1n  



The history of VFEL (Volume Free 

Electron Laser) experiments

2001 The first VFEL generation in the millimeter range. 

Experimental verification of VFEL principles. Demonstration of 

frequency tuning for a fixed electron energy

2004 VFEL with grid resonator

V.G.Baryshevsky et al., NIM 483 A (2002) 21

V.G.Baryshevsky et al., NIM 393A (1997)  71

1996 Experimental modeling of electrodynamic processes in volume diffraction 

grating made from dielectric threads

V.G. Baryshevsky et al., NIM. B 252 (2006) 86

2009 VFEL with grid and foil resonators. Such resonators 

have all properties of photonic crystals.

V. G. Baryshevsky et al. Proc. IRMMW-THz 2010; Proc. 

FEL2010. Nuovo Cimento 34 (2011), 199, Nonl.  Phen. Complex 

Syst., vol. 16, no. 3 (2013), 209 - 216



VFEL with grid and foil resonators*

*V.G.Baryshevsky et al. Proc. IRMMW-THz 2010; Proc FEL2010



Distinctive VFEL feature

Volume (non-one-dimensional) multi-wave distributed

feedback under diffraction conditions is the distinctive

feature of VFEL*.

*V.G.Baryshevsky, I.D.Feranchuk,  Phys.Lett. 102A (1984) 141,

V.G.Baryshevsky. Dokl. Akad.Sci.USSR 229 (1988) 1363



New law of instability* for an electron beam 

passing through a spatially-periodic medium

The increment  of instability in degeneration points:

instead  of for other systems (TWTA, FEL etc.)  

Threshold current in degeneration points:

instead  of for other systems.  

s is the number of surplus waves appearing due to diffraction.

*V.G.Baryshevsky, I.D.Feranchuk,  Phys.Lett. 102A (1984) 141,

V.G.Baryshevsky, Proc. of the USSR Nat. Ac. Sci., 299(1988), 1363-1366
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Main physical VFEL principles

Interacting of the electron beam 

with electromagnetic field in VFEL 

is much more efficient than in one-

dimensional situation because the 

group velocity of electromagnetic 

waves decreases sharply due to 

continuous reflections of them at 

periodic planes of resonator. 

Moreover VFEL is an oversized 

system where relativistic electron 

beams of broad cross-section can 

be used. Due to this and VDFB 

electron beam radiates more 

effectively.

Resonator

Photonic crystal 

(resonator)



electron phase in a wave

Motion equation:

n-wave approximation:

We use the method of averaging over initial phases of 

electron entrance in the resonator

Maxwell equations: ,
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Two-wave VFEL*
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*Batrakov K., Sytova S. Comp. Math.  Math. Phys. 45 (2005) 666–676



VOLC (“VOLume Code”)*

Interface VOLC is written on Borland C 

++ Builder 6.0. 

The basic procedure for the VFEL  

modeling is developed in Compaq Visual 

Fortran and can work without the VOLC 

interface.

*Sytova S. Proc. FEL2007 Aug 26–31 2007 Novosibirsk, Russia. P.14-17



Main numerical results

 It was obtained numerically all main VFEL physical laws.

 It was demonstrated that there exists an optimal set of VFEL parameters
for effective generation.

 It was obtained generation thresholds for INP VFEL experimental 
setups

 It was denoted the necessity of taking into account the dispersion of 
electromagnetic waves on photonic crystal for microwave VFEL

 It was demonstrated numerically one of VFEL physical features of 
suppression of spurious modes inside the resonator.

_______________________________________________________

 VFEL was investigated as dynamical chaotic system

 A gallery of different chaotic regimes for VFEL laser intensity with 
corresponding phase space portraits, bifurcation diagrams, attractors and 
Poincare maps was proposed. 

 It was obtained analytically solution for the stationary problem with 
electron beam and for non-stationary small-scale periodic regimes. It 
was demonstrated the origin of onset of oscillations.



Origin of VFEL chaotic nature

Chaos in electronic devices such as BWT, TWT, etc. is due to the delayed 

nature of distributed feedback. 

Source of the chaos in VFEL has more complicated nature because of the 

interaction of the electron beam with the electromagnetic field in a volume 

distributed feedback in resonator under the conditions of dynamical 

diffraction. This leads to a nonuniform distribution of electromagnetic field 

intensity and to significant perturbations in the motion of the electrons and 

thus to a variety of VFEL dynamics. 

VFEL chaotic dynamics depends on dispersion of initial pulse in photonic 

crystal (periodic media) under Bragg diffraction (time delay and appearance 

of intricate temporal structure such as nonregular time beating and delayed 

response from the output grating interface, as well as simultaneous generating 

of some modes.



Parametric maps of the transition 

to chaos in dependence of the 

diffraction geometry
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0 depicts a domain under generation threshold. P, Q, C correspond to periodic regimes, 

quasiperiodicity and chaos, respectively. M describes domains with transitions between large-

scale and small-scale amplitudes. I stands for intermittency. On edges the most typical 

dependencies of amplitudes on going crystal on time are presented.



Conclusions

 As VFEL physical principles differ from ones of
other vacuum electronic devices VFEL is a new
object of investigation, that is the source of powerful
electromagnetic radiation in different wavelength
ranges.

 So, each step in investigation of VFEL nonlinear
dynamics will profit some new results.
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