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THz Gyrotrons and FELs have intrinsic frequency 

band limit. Natural way to broad the bands and to 

have possibility for reach  frequency deeper in THz 

band is frequency multiplication. Power of the 

sources permits to use distributed (bulk) multiplica-

tion systems.  Both second and third harmonics gen-

eration is possible.  

In this report we are discussing two approaches for 

the frequency multiplication: 1. Multiplication in non-

linear crystal (GaP, GaAs and others with high nonli-

near coefficient in THz band for the second harmonic 

and Si for the third) which has almost ideal harmonic 

wave synchronism in THz band and can have low 

enough absorption; large enough dimension of the 

crystals are available. This approach is well known in 

nonlinear optic but to the best of our knowledge have 

not been used for THz Gyrotrons and FELs. 2. Mul-

tiple (superlattice) GaAs-AlAs varactor system.  In 

the latter the synchronism is fulfilled “automatically.” 

Varactors are commonly uses for frequency multipli-

cation in microwave bands. In the report details of 

this multiplication scheme will be presented.  

The maximal powers of existing in Russia sub THz 

and THz gyrotrons and FELs are quite high [1, 2] to 

provide enough power for harmonic generation. 

 

Gyrotrons from IAP RAS: 670 GHz,  50 kW, 30 mi-

croseconds 

 

Novosibirsk THz FEL, 0.5- 2 THz, 1 MW in 100ps 

micro pulses, about 6 MHz repetition rate and average 

power about 1 kW.  

In the crystal based approach for second 

harmonic generation one needs high quality crystals 

without center of symmetry with also weak absorption 

in THz band and high quadratic nonlinear coefficient. 

Suitable are inorganic GaAs, GaP and GaSe crystals. 

In particular GaSe has the lowest absorption coeffi-

cient in the terahertz and millimeter wave regions 

among all the inorganic nonlinear crystals. Further 

more, a GaSe crystal has a large second-order nonli-

near coefficient. The present authors have GaP crystal 

10 by 10 by 10 mm
3
. It has low absorption coefficient 

and almost no dispersion (providing almost ideal 

wave synchronism condition) and also quite high qu-

adratic nonlinearity in THz. We consider such crystal 

as the first candidate for the gyrotron and FEL har-

monic generation. Estimate based on available data on 

GaP parameter provide second harmonic power for 

IAP RAS gyrotron in the above GaP crystal at the 

level of several Watts. Organic crystals (DAST and 

others) could be also suitable and promising for 

second harmonic generation.  But we will not discuss 

this here. 

Another approach for harmonic generation 

we are discussing is system (superlattice) of multiple 

varactors. Contrary to crystals this is an artificial me-

dium which can be design to fulfill requirement for 

harmonic generation. Each varactor in the superlattice 

is low doped GaAs well surrounded by high AlAs 

barriers (Fig 1A). Under applied AC field electron 

distribution sweeps there and back of the well (Fig 

1B) providing oscillation dipole with saturation (Fig 

2) herewith establishing in the dipole harmonics of 

the AC field. Fig 1 and Fig 2 represent symmetric 

doping of the superlattice well; this gives only odd 

harmonic. For non symmetric doping also even har-

monic appear.  

Consider now harmonics emission in the case shown 

in Fig 3; this case looks the most promising for har-

monics generation. Here pump performs total internal 

reflection from boundary air-superlattice  . Nonlinear 

dipole moment in superlattice emits harmonics also 

only to superlattice and substrate because phase ve-

locity of the harmonics along air – structure boundary 

is equal to the one of the pump. Now (supposing that 

thickness of the superlattice is smaller than wave-

length of harmonic) one have situation similar to trav-

eling wave antenna. Indeed  the whole nonlinear di-

pole moment of the superlttice may be written as: Р0 

=M e d Ns {2 (E/ Еd)
2
 + 3 (E/ Еd)

3
}= L e Ns {2 (E/ 

Еd)
2
 + 3 (E/ Еd)

3
}. Here р = ed Ns is saturated dipole 

moment of a well, Ns is well delta doping per cm
2
, Еd 

= (4/0 )e Ns is characteristic field, M is well number 

in the superlattice, L its whole thickness and 2, 3 are 

frequency dependent numerical factors. Now density 

of nonlinear dipole moment perpendicular to air- 

structure surface under influence of AC electric field 

may be written approximately as: Pу 
nonl

 = [ Ey
2
 +  

Еy
3
}  (y-а) = [ E0

2
 exp (i2 t - iK2 x) +   Ео

3
 exp{ 

i3 t – iK3 x }  (y-а), where y is axis perpendicular 

to the surface,  2,3 = 2,3 ω, K2,3 = 2,3 kx  are harmonic 

frequencies and wave vectors along the surface while 

ω and kx are the ones for pump .  We see that harmon-

ic phase velocity (along the surface) is equal to one of 

the pump. As the result it should be emitted nearby 

the reflected from the surface pump as shown in Fig 

3. It is quite simple to calculate emission of this di-

pole moment Pу 
nonl

. To have high emission we should 

optimized parameters (d  and Ns ) of superlattice. We 

will not discuss these things her: they are too lengthy.  

Let us present some estimated of harmonics power 

which could be achieved with presented above gyro-

tron and FEL sources.  

Taking available date on nonlinearity of GaAs and 

GaP we have gotten for sub THz IAP RAS gyrotron 

(50 kW pulses) about several watts for crystal of 1 

cm. With micro pulses from Novosibirsc FEL one 

should expect harmonic power up to 1 kW. However 
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high average power of the FEL needs some off and on 

switch to have micro pulses trains in microsecond 

range for the crystals not to be burn out.  

For the superlattice varactor with period d about 400 

angstroms, number of periods M =50 (L about 2 mi-

crometers),  Ns about 10 to 10 cm
2
 one should expect 

both second and third harmonics power from IAP 

RAS gyrotron about one Watt. 
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Fig 2 Scheme of dipole moment P depen-

dence on electric field E (static or moderate-

ly HF) applied across varactor layer for 

symmetric varactor in Fig 1 
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Fig 1 Scheme of one period of va-

ractor superlattice for symmetric 

doping. A – without applied field ; 

B. with ac field ; sweeping of elec-

tron density under ac field which 

produced third harmonic dipole 

moment of the varactor in this sym-

metric case.  
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Fig 3. First harmonic pump of varacror 

SL under total internal reflection inside 

whole system: SL at substrate.   

Full line – pump; doted - harmonic 
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The rapid advance of Terahertz technologies, in 
terms of radiation generators, systems and scientific 
or industrial applications, have put a particular focus 
on compact sources with challenging performances in 
terms of generated power (peak and/or average), radi-
ation time structure and frequency tunability. 

Free Electrons based sources are probably the 
best candidates to express such a versatility; there are 
a number of schemes that have been investigated over 
the years to generate coherent radiation from free 
electrons in the mm-wave and Terahertz regions of 
the spectrum, covering a wide frequency range from 
approximately 100 GHz to 10 THz. At such long 
wavelengths, good performance in terms of output 
power and gain can be achieved with a short length of 
the interaction region (< 50 cm) and with different 
mechanisms of energy transfer from the electron 
beam to the radiation field. These include the magnet-
ic undulator, dielectric loaded waveguides for Ceren-
kov emission, and metal grating devices, based on the 
Smith-Purcell effect. This study will proposes novel 
schemes for exploring the limits in performance of 
radio-frequency driven free electron devices in terms 
of ultra-short pulse duration, wide bandwidth opera-
tion and energy recovery for near CW operation. 

 
Auston Switch and Optical rectification 

 

Conventional THz emitters have gained populari-
ty due to their characteristics and peculiarities. The so 
called Auston Switch, named after its inventor, and 
the Optical Rectifiers are the most widely used devic-
es [1]. The Switch is made up with a coplanar strip 
antenna deposited on a non absorbing substrate. 
Along the strips there is a point where the gap is very 
small, of the order of 10 µm. If a powerful short laser 
pulse is focalised on this gap, the photons generate 
free carriers that drift under the action of the electric 
field generated by this bias voltage. This transient 
current gives rise to a time dependent dipole moment 
that acts as a source of a time dependent electric field 
according to expression. The result is the generation 
of an electric pulse which duration, and thus spectrum 
are related to the duration of the laser pulse. A picose-
cond or a sub-picosecond laser pulse generate a radia-
tion burst in the THz range that is propagated and 
irradiated by the antenna. 

The above illustrated approach suffers of some 
drawbacks. The most important is the limited band-
width of the conventional micro-strip antennas that 
introduce distortion and frequency dispersion on the 
THz pulse ending with a rapid lengthening of the 
pulse.  

To overcame these limitations electro-optic de-
vices, realised with a non-absorbing material, are 
used. The interaction mechanism is now a second 
order process: the rapidly oscillating electric field of 
the laser pulse excite in the medium a polarisation 
vector which is proportional to the modulus of the 
electric field itself. This polarisation vector is the 
source for an Hertzian vector potential that generates 
a radiation field. This is a rectification process be-
cause the rapid oscillation of the electric field of the 
laser pulse are compensated in the frequency domain 
and only the envelope of this pulse remains. The im-
portant feature of this device is that, being the medi-
um non absorbing, the polarisation is very fast in fol-
lowing the laser envelope; this means that there is no 
physical limit in the bandwidth of the THz pulse that 
can be generated with this device. The only drawback 
is that being this a second order process, the intensi-
ties of the THz radiation are smaller respect to the 
previous cases, but it is now well compensated by the 
more powerful short-pulse laser source now available 
also commercially. 

 
A Free Electron Device as THz Radiator 

 

“Flexibility” is the most relevant feature a Free 
Electron Device (FED) because any component of 
such a source can, in principle, be designed in order to 
emphasise a specific characteristics of the generated 
radiation [2]. Broadband emission is, in fact, ensured 
by a short interaction region and by avoiding optical 
resonators, that usually filter frequency components; 
these precautions, together with the use of a low ener-
gy electron beam, allow an easy and compact design 
of the source. The most significant peculiarity of a 
FED is the coherence of an electron beam generated 
by a Radio-Frequency (RF) accelerator. The coherent 
emission dominates when the electron bunch length is 
comparable to wavelength of the radiation to be emit-
ted. As a result coherent emission dominates in the 
THz range or at longer wavelengths. Another charac-
teristics of RF based FED is the coherence among the 
bunches. An RF accelerator generates a train of 
bunches, and if the correlation among bunches is 
good, the radiation will be emitted at discrete fre-
quencies which are harmonics of the RF. This is ex-
actly what we have measured experimentally in our 
compact FED in ENEA [3-4]. A further degree of 
coherence can be exploited when a proper energy-
phase correlation is introduced in the electron beam, 
before entering the interaction region, in order to min-
imise the negative interferences among the single 
electrons’ emissions. Several techniques can be ap-
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plied to get such a correlation, but the final result is a 
single-pass emission of a broad-band short pulse 
emission as reported in Fig. 1(result obtained for an 
electron beam with γ=15, IAV=20 mA and an undula-
tor of λu=2.5 cm period and K=1.45 as magnetic pa-
rameter). 
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Fig. 1. Power spectrum in a Free Electron Device in the 
Energy-Phase Correlation regime 

 
Analysing Fig. 1 it is evident that in the Energy-

Phase correlation regime it is possible to isolate the 
single harmonic, with an interferometer, still having 
an average power for the single frequency around 0.5 
W. This is not possible with the conventional THz 
sources. Moreover another interesting result is that the 
single frequency, being an harmonic of the RF has a 
temporal structure equal to that of the RF macropulse. 
If we look at the whole bandwidth, the temporal struc-
ture is the well known train of microbunches separat-
ed by the RF period. In conclusion FED can be con-
sidered a convenient flexible and powerful source for 
the generation of coherent radiation in the THz spec-
tral region. 

A way to get a correlated bunching in the THz re-
gion is the use of a two frequency RF device. Such 
cavities, in fact, offer appealing possibilities to control 
the bunch length of an electron beam generated by a 
RF accelerator. The use of a double frequency cavity 
requires that the second frequency be an harmonic of 
the fundamental one. The electrons passing through 
the cavity will see a field that is the result of the sum 
of the two fields of the fundamental and its harmonic 
according to: 

V φ( ) =V0 sin φ +φS( )+ k sin nφ +φn( )!" #$        (1) 

There are some design parameters that can be set 
like the harmonic number n, the relative amplitude 
ratio k that contribute to the bunch length, but the 
most relevant is the relative phase (φs-φn) between the 
fundamental and the harmonic. These parameters es-
tablish the slope of the total field in the cavity. Two 
different regimes can be in principle realised: one in 
which one can realise a bunch-lengthening, which 
spread can help in damping coherent instabilities that 
often cut down the bunch lifetime in re-circulated 
accelerators; and a second in which the particles 
bunch reduces with respect to the reference electron. 
In Fig. 2 we report the behaviour of the electron 
bunch intensity profile as a function of the phase φ, 

for different harmonics n in the RF cavity (k=-0.6, 
φn=π, φs=0). 

φ

I(φ,n) 

n=1 

n=3 
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Fig. 2. Bunch shortening in a double frequency RF cavity 
for different harmonics.  

 
One of the problems suffered by RF accelerator 

based FED, both normal-conducting and supercon-
ducting, is the relatively low efficiency. Considering 
the basic generation mechanism the power extraction 
from the electron beam in favour of the radiation nev-
er exceed few per cent, both in high gain and low gain 
regimes. In addition to the use od auto-resonant 
mechanisms (CARM), a possibility to increase the 
efficiency of an FED is to design a scheme for recov-
ering the electron beam kinetic energy remained after 
the interaction. The energy recovered can be used to 
accelerate a new bunch of electrons thus lowering the 
accelerator radio-frequency power requirements. The 
possibility to manage a lower RF power and, at the 
same time, an exhausted electron beam of low energy, 
is very useful when designing the device. Generally 
speaking there are two possibilities for the energy 
recovering: one is to recycle the electron beam after 
the interaction region. The second possibility is to 
recover only the kinetic energy of the electrons before 
the beam dumps. 

Energy recovery devices are particularly useful 
when designing a radiation source based on supercon-
ducting RF accelerators, or on normal conducting 
cavities working at very low temperatures. These ac-
celerators, in fact, can guarantee a long bunch opera-
tion or a quasi-CW operation. 
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It is known that gyrotrons can operate either in 

the regime of soft or hard self-excitation. In the re-

gime of soft self-excitation the beam current exceeds 

its starting value, thus, the oscillations can start to 

grow from the noise produced by electrons. In the 

regime of hard self-excitation the beam current is less 

than its starting value. Therefore for exciting the os-

cillations a certain start-up scenario is required, which 

may include the variation of the mod-anode and/or 

beam voltage or guiding magnetic field. It was found 

recently [1] that some gyrotrons can also operate in 

the region of magnetic fields where there is no start 

current at all. In the present paper it is shown that this 

sort of operation can be attributed to the presence of 

the axial dependence of the phase of the resonator 

field. 

 

The linear theory of gyrotrons summarized in [2] 

shows that in the process of electron interaction with 

the waves under the cyclotron resonance condition   

electrons exhibit two sorts of electron bunching. The 

first one is the linear bunching which evolves with 

time t linearly and the second is the quadratic bunch-

ing, which grows with the interaction time as t2. Be-

low, we will denote the terms related to the linear and 

quadratic bunchings by subscripts (1) and (2), respec-

tively. 

In the simple models, the linear bunching always 

leads to the wave absorption by an electron beam, 

while the quadratic bunching, under proper conditions  

may result in the coherent electromagnetic radiation. 

This statement can be illustrated by consideration of 

the active part of the electron conductivity with re-

spect to the wave, as it was done in [2]. This part of 

the conductivity is equivalent to the imaginary part of 

the electron susceptibility used elsewhere [3]. In the 

framework of the linear theory, this imaginary part of 

the susceptibility is given as       

( )

2

( )
out

in

i

lin s f e d







  
 = − +

 
 

where s is harmonic number, Δ is the cyclotron reso-

nance mismatch, the function f(ζ) describes the axial 

profile of the electromagnetic wave amplitude, ζ is the 

normalized axial coordinate. Here the first term is 

proportional to the intensity of the spectrum of the 

high-frequency electromagnetic field acting on elec-

trons and is negative, while the second term propor-

tional to the derivative of this intensity over the cyclo-

tron resonance mismatch can be positive that may 

result in the wave amplification.  

Let us represent this susceptibility as χlin’’ = 

χlin(1)’’ + χlin(2)’’. For the case of the Gaussian axial 

profile of the wave it is shown in Fig. 1. 
 

 

 

 

 

 

 

 

 
Fig. 1. Imaginary part of the susceptibility in the linear the-

ory for a gyrotron with the Gaussian structure of the resona-

tor field: (left) two terms corresponding to the linear and 

quadratic bunching; (right) the total susceptibility and the 

corresponding starting current 
 

On the right from the thin vertical line this total 

susceptibility is positive and, hence, an electron beam 

can support EM oscillations there when the beam cur-

rent is high enough. The balance between the micro-

wave power losses in the gyrotron resonator and the 

power withdrawn by the electromagnetic field from 

the beam can be described by the balance equation 

I0·
χ’’

= 1. 

In the case of the linear theory the corresponding 

value of the normalized beam current parameter I0 

determines the start current: I0,start  = 1/χlin’’. For a giv-

en value of the electron beam current, the microwave 

oscillations can be excited in the region where this 

current exceeds its starting value I0 ≥ I0,start. This re-

gion is known as the region of soft self-excitation. On 

the right side from it, the electron beam current is 

smaller than its starting value I0 < I0,start. To excite 

oscillations there, one should initially increase the 

beam current for realizing the condition I0 ≥ I0,start. 

Then, after oscillation amplitude becomes large 

enough, the current can be reduced to its nominal val-

ue. Now, we would like to call attention to the point 

in Fig. 1 (right) where the absolute value of the imag-

inary susceptibility caused by the linear bunching is 

equal to the susceptibility caused by the quadratic 

bunching, and, hence, χlin’’ = χlin(1)’’ + χlin(2)’’ = 0 . 

This happens at Δ=0.16. As follows from the balance 

equation, the start current at this point is infinite, and 

there is no start current to the left from this point. Our 

study is devoted to the analysis of gyrotron possible 

operation in this ‘no-start-current’ zone. So far, this 

region was assumed to be free from oscillations. This 

opinion was based on the numerous studies of the 

saturation effect causing the deformation of the gain 

curve (imaginary part of the susceptibility). A typical 

deformation of this curve with the amplitude of oscil-
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lations F is shown in Fig. 2 (left) for the Gaussian 

profile of the resonator field.  

As follows from Fig. 2 (left), the oscillations may 

exist only in the region on the right from the point 

where in the framework of the linear theory the imag-

inary susceptibility equals zero. Recently, however, it 

was found in [1] that in some resonators (Fig. 3) the 

gain curve with the growth of the amplitude of oscil-

lations can be shifted to the left from this zero point. 

The sequence of the gain curves in gyrotrons with 

such resonators is illustrated by Fig. 2 (right).  

The axial structure of the complex amplitude of 

the field in such a resonator is shown in Fig. 4. So, in 

such gyrotrons the oscillations can be excited in the 

zone where there is no start current.  

 

 

 

 

 

 

 

 
 

Fig. 2. Dependence of the imaginary part of the electron 

susceptibility on the cyclotron resonance mismatch at sever-

al values of the amplitude F in the gyrotron with  the Gauss-

ian axial structure of the resonator field (left) and  a realistic 

axial profile of this field shown  in Fig. 3 (right) 

 

  
Fig. 3. Gyrotron cavity with smooth transition [4] 
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Fig. 4. The absolute value (solid line) and the phase (dotted 

line, the phase is normalized to π) of the field in the resona-

tor, whose profile is shown in Fig. 3. 

 

Contours of equal values of the orbital efficiency 

in the plane ‘amplitude F versus the cyclotron reso-

nance mismatch Δ for the latter gyrotron are shown in 

Fig. 5. As one can see, in accordance with results 

shown in Fig. 2 (right), in the lower left corner of Fig. 

5 the operation expands to the left, in the region of 

mismatches where the oscillations do not exist at very 

small amplitudes. 

 
 

Fig. 5. Contours of equal values of the orbital efficiency 

 

By using the balance equation, one can convert 

calculated dependences of the efficiency on the ampli-

tude F into the dependence of the orbital efficiency η┴ 

= |F|2·χ’’ on the beam current.  In the regimes with no 

start current, such dependences illustrated by Fig. 6 

resemble the dependence discussed in [5] with regard 

to the parametric excitation of oscillations at harmon-

ics of the mechanical system with the oscillation fre-

quency dependent on the amplitude of oscillations.  

 
Fig. 6. The orbital efficiency as the function of the beam 

current parameter in the region of ‘no-start-current’ 
 

This anomalous behavior of gyrotron can, appar-

ently, be explained by the difference in the axial struc-

ture of the resonator field. There are two important 

distinctions of this structure from the Gaussian one: 

first, the absolute value of the field in the second half 

of the resonator is much larger than the Gaussian pro-

file, and second, in this second half of the resonator 

the phase strongly depends on the axial coordinate, 

while in the Gaussian case it is always zero. 
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Advancement of vacuum electronic devices into 

sub-THz and THz frequency ranges calls for over-

sized beam-wave interaction space due to the fact that 

that the dimensions of the beam guiding systems can 

not be reduced lower than the millimeter scale. Thus, 

in order to provide coherent THz radiation from the 

spatially extended beams, excitation of surface modes 

existing in 1D and 2D corrugated systems appears to 

be attractive [1,2,5,6].  

In this paper, we present recent results of theoreti-

cal and experimental studies of sub-terahertz genera-

tion based on excitation of surface waves by electron 

beams and extended bunches. Using oversized slow-

wave structures allows for a significant increase of 

total current and, correspondingly, radiation power. 

Based on superradiance of electron bunches, 150 ps 

superradiant pulses with a central frequency of 

0.14 THz, and an extremely high peak power of 50-

70 MW were obtained in the joint effort by the Insti-

tute of Electrophysics RAS and IAP RAS. We also 

report of the first successful experiments on the cylin-

drical 0.03 THz Cherenkov oscillator with a 2D cor-

rugation conducted at IAP RAS with an output power 

of 1.5 - 2 MW.  

Generation of Sub-THz SR Pulses Based on Exci-

tation of Surface Waves in Oversized Waveguides 

Cherenkov SR of electron bunch exciting the sur-

face wave in an oversized 1D corrugated cylindrical 

waveguide (Fig. 1a) can be considered within quasi-

optical approach [1]. In this case the radiation field 

near a shallow corrugation is presented as a sum of 

two counter-propagating TM polarized wave-beams: 

   Re( , , , , )i t ikz i t ikzH A z r t e A z r t e   
    , (1) 

propagation and mutual coupling of which is de-

scribed by two non-uniform parabolic equations. The 

synchronous interaction of electrons with a forward 

partial waves leads to development a self-bunching 

and formation of powerful SR pulse.  

 
Fig. 1. (a) Scheme of SR pulse generation with excitation of 

a surface wave in an oversized periodically corrugated 

waveguide. (b) Dispersion characteristics of a corrugated 

waveguide and an electron beam. 

 

Simulations show that the most optimal condi-

tions for SR emission correspond to excitation of the 

backward surface wave near the Bragg frequency (  - 

regime, Fig.1b). For parameters of an electron bunch 

formed by an accelerator RADAN (electron energy of 

300 keV, a total current of 2 kA, a bunch duration of 

500 ps) and a corrugated waveguide with the mean 

radius of 3.75 mm, corrugation period of 0.825 mm, 

and corrugation depth of 0.36 mm the operating fre-

quency in the resonant point is of 0.14 THz 

( 02 3.5r   ). In this case the power of generated SR 

pulse emitted in z  direction achieves ~200 MW for 

pulse duration of ~200 ps (Fig. 2a). As it is seen in 

Fig. 2b the instant spatial structure of the partial wave 

corresponds to formation of the evanescent surface 

wave with the field amplitude exponentially decaying 

from the corrugation. 

(a)

(b)

 
Fig. 2. SR emission with excitation of the backward surface 

wave: (a) generated SR pulse, (b) the structure of the for-

ward partial wave. 

 

1 ns1 ns

(a)

(b)

(c)

 
Fig. 3. Photo of the experimental set-up (a), corrugated 

waveguide and coaxial reflector (b) used for observation of 

superradiance with excitation of a surface wave. (c) Oscillo-

scope trace of the 0.14 THz SR pulse with duration of 

150 ps and peak power up to 70 MW. 

 

Based on a theoretical analysis, experiments on 

observation of the sub-terahertz SR pulse generation 

were carried out in IEP RAS (Ekaterinburg). Photo of 

the experimental set-up is shown in Fig. 3. A typical 

..
7

mailto:ginzburg@appl.sci-nnov.ru


 2 

oscilloscope trace of generated SR pulses with a dura-

tion of about 150 ps and a rise time of 100 ps recon-

structed in the “power-time” coordinates is presented 

in Fig. 3c. Frequency measurements using a set of 

cut-off waveguide filters show that the pulse spectrum 

has a central frequency in the interval 0.13-0.15 THz. 

The peak power of generated SR pulses was estimated 

by integrating the detector signal over the directional 

pattern and achieved of 50-70 MW, that strongly ex-

ceeds the value obtained in the previous sub-terahertz 

experiments [2] with single-mode waveguides. 

Ka-band surface-wave oscillator  

based on 2D periodical corrugated structure 

For spatially extended relativistic electron 

beams, the use of two-dimensional (2D) distributed 

feedback is beneficial for providing spatial coherence 

of radiation and can be exploited in order to increase 

the total radiation power in the microwave generators 

[3]. Such 2D feedback can be realized in planar or 

coaxial 2D Bragg structures (resonators) having dou-

ble-periodic corrugation (Fig.4a)  

cos( ) cos( )
4

r
r M h z M h zz z      ,     (2) 

which provides coupling and mutual scattering of the 

four wavebeams (Fig.4b), 

  tiihx

x

ihx

x

ihz

z

ihz

z eeCeCzeCeCxH )()(Re 00

 


 

e

grV

(a) (b)

e

grV

(a) (b)

 
Fig. 4. (a) Scheme of an oversized SWO with 2D corrugat-

ed structure. Directions of propagation of the partial wave 

fluxes and tubular electron beam are shown. (b) Diagram 

illustrating coupling of partial waves at the 2D corrugation.  

 

Experimental studies of free electron masers 

(FEMs) based on the novel feedback mechanism have 

been performed in Ka-band and in W-band in collabo-

ration with the Institute of Applied Physics RAS [4]. 

As a result, narrow-band generation with an output 

power of 50 - 100 MW, which is a record for millime-

ter wavelength FEMs, was obtained. 

At present, theoretical and experimental studies 

of Cherenkov masers with 2D distributed feedback 

are in progress [5,6]. Among relativistic masers of 

such type, surface wave oscillators (SWO) appear to 

be preferable due to the larger values of the electron-

wave coupling impedance. Besides, formation of a 

surface mode ensures the regular field distribution 

along the coordinate directed perpendicularly to the 

corrugated surface and, thus, can solve the problem of 

mode selection over this coordinate. In SWOs, a 2D 

periodic structure can be exploited both as a slow-

wave system and as a highly selective Bragg resona-

tor simultaneously. It provides effective mode control 

over azimuthal coordinate. 

Numerical simulations within the quasi-optical 

model and using 3D numerical codes show that the 

resulting mode to be excited in such system depends 

on the accelerating voltage rise time. In order to excite 

an azimuthally symmetric mode, this value should be 

small in the scale of the field excitation increment. 

Experimental investigations of the SWO with 

2D slow-wave structure based on the 

300 keV / 100 A / 4 μs SATURN thermionic accelera-

tor were conducted at IAP RAS [6]. The results are 

presented in Fig.5. Narrow-spectrum excitation of the 

3rd azimuthal mode was observed.  

(a) (b)

(c) (d)

(a) (b)

(c) (d)

 
Fig. 5. Results of experimental studies of oversized Ka-

band SWO based on the SATURN accelerator: (a) photo-

graph of double periodic slow-wave structure; (b) typical 

oscilloscope traces of the accelerating voltage (green curve), 

beam current (red curve), signal from a heterodyne mixer 

(brown curve) and output RF-pulse (blue curve); (c) spec-

trum of the output radiation and (d) dependence of the ra-

diation frequency on the accelerating voltage. 

 

This research was performed within the frame-

work of the state task (projects No. 0035-2014-012), 

and, in part, by RFBR Grant No. 17-08-01072 
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Abstract - A periodic series of ultra-short pulses 

of millimeter and sub-millimeter waves can be 

generated in a microwave oscillator consisting of an 

amplifier and a saturable absorber. The pulse 

generation method is analogous to the method of 
passive mode locking, widely used in laser physics. In 

this work, simulation results for the different 

components of such a microwave oscillator are 

presented. 

Introduction 

In an ongoing joined RSF-DFG project led by the 

Institute of Applied Physics (IAP-RAS) supported by 

the Institute for Pulsed Power and Microwave 

Technology (IHM-KIT), the generation of a periodic 

sequence of powerful, ultra-short RF pulses is studied 

[1]. Such powerful pulses of millimeter and sub-
millimeter waves can be useful for a number of 

fundamental problems and practical applications, 

including DNP-NMR spectroscopy, diagnostics of 

plasmas, photochemistry, biophysics and new locating 

systems. 

In [1], it is proposed to generate a periodic 

sequence of coherent pulses with high power in the 

millimeter frequency range by a feedback loop 

consisting of an amplifier and a non-linear saturable 

absorber. The saturable absorber acts as a non-linear 

filter which transmits high intensity signals, while 

signals with low intensity are strongly attenuated. In 
such a feedback loop, the periodic signal is generated 

by the mechanism of passive mode locking, well 

known from laser physics [2]. For millimeter waves, 

gyro-devices e.g. the gyro-traveling-wave-tube (gyro-

TWT) are well suited for the realization of both, the 

amplifier and the nonlinear absorber. 

Quasi-Optical Feedback System 

The coupling of the two gyro-devices can be 

obtained by a quasi-optical mirror system. Both, 

amplifier and absorber will be realized as devices with 

a single window for the input and output of the signal. 
This feature simplifies the quasi-optical feedback 

system. A quasi-optical feedback system is shown in 

figure 1. To separate a fraction of the signal 

oscillating in the feedback loop, a semi-transparent 

mirror is required. For optimum operation of the 

microwave oscillator, the decoupling should take 

place only on the signal trail from the absorber to the 

amplifier. This requires a separation of the signal 

paths “amplifier to absorber” and “absorber to 

amplifier”. For this purpose the polarization 

characteristic of helical gyro-TWTs in single window 

operation can utilized. The output signal is cross-

polarized to the input signal and therefore, a 

polarization splitter can be used to separate the input 
and output signals. 

 

Fig. 1. Amplifier and absorber devices working with single 
input-output window coupled with a quasi-optical mirror 

system. 

Polarization Splitter 

The polarization splitter used for the separation of 
the input and output signals has to fulfill three major 

requirements: (1) suited for high power signals, (2) 

broad bandwidth and (3) simple to manufacture. 

These requirements can be fulfilled by mirrors with 

sinusoidal grating [3]. The simulation results show 

that for an assumed center frequency of 260 GHz and 

a required power efficiency of more than 97 %, a 

bandwidth of 20 GHz can be realized. To improve the 

beam parameters, the sinusoidal grating can be 

combined with a parabolic shape. 

 

Fig. 2. Polarization splitter with sinusoidal grating. 
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Semi-Transparent Mirror 

A semi-transparent mirror can be realized as a 

polarizing beam-splitter based on a stack of 

rectangular metal plates as described in [4]. In an 

experimental setup, a semi-transparent mirror based 

on a polarization beam-splitter has the advantage that 

the reflection coefficient can easily be adjusted by 

rotating the beam-splitter relative to the beam. In 

addition, it is possible to apply a slight parabolic 
shape to the polarization splitter. This allows 

improving the beam parameters of the reflected 

signal. 

 

Fig. 3. Polarizing beam-splitter as semi-transparent mirror. 
A parabolic shape improves the parameters of the reflected 
beam. 

Gyro-TWT as Saturable Absorber 

A well suited technology for the high power RF 

amplifier and the non-linear saturable absorber are 

gyro-TWTs with helical interaction regions [5]. These 

devices provide a series of advantages compared to 

classical gyro-TWTs based on cylindrical interaction 

circuits with dielectric losses. The helical gyro-TWTs 

can operate at the 2nd cyclotron harmonic and, 

therefore, the required magnetic field is reduced by 

the factor of 2 compared to classical gyro-TWTs 

operating at the fundamental cyclotron harmonic. 

Further advantages are the broader bandwidth and the 
lower sensitivity to velocity spread of the electron 

beam. 

For full-wave PIC simulations of the gyro-devices 

the advanced simulation program PICLas [6] is used. 

PICLas is developed by the Institute of Aerodynamics 

and Gas Dynamics (IAG) at the University of 

Stuttgart. In the following, simulation results of an 

absorber as suggested in [7] for a feedback loop at a 

center frequency of 30 GHz are discussed. The 

suggested feedback loop is designed to provide pulses 

with a peak-power up to 400 kW and a pulse-width of 
only 0.25 ns by a separation of 5-10 ns [7]. The 

absorber has a mean waveguide radius of 0.4 cm with 

a corrugation of amplitude 0.1 cm and a periodicity of 

1.0 cm. The electron beam has a beam voltage of 

54 kV, a current of 2.4 A and a pitch factor of 0.53. In 

figure 4, the simulated transmission coefficient for 

short Gaussian pulses with different peak powers is 

shown. While weak signals are almost completely 

absorbed, high power signals are only weakly 

attenuated. Therefore, the simulations proof the 

qualification of gyro-TWTs operating in the 

Kompfner dip regime as saturable absorbers. 

 

Fig. 4. Transmission coefficient versus power of the 
incident signal for a helical gyro-TWT operating in the 
Kompfner dip regime. 
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The calculation results of the electrodynamics 
characteristics (EDCH) of open resonators (OR), 
formed by the multyfocus spherical and plane mirrors 
are presented in this work. These calculations where 
fulfilled early [1] for OR plane mirror without 
periodic structure (PS), with PS with λ/4 “b0” comb 
and PS with “b0” λ/2 comb, where λ is wave length. 
The PS with comb λ/4 < b0< λ/2 (“intermediate”) will 
be investigated in this work. The EDCH calculation 
results will be represented for last PS. Two last PS are 
double row periodic structure (DRPS).The multyfocus 
focusing mirror with the focuses number Nf  and with 
constant distance Lc between first and last focuses will 
be used. Distance between the next focuses is Lf = 
Lc/(Nf -1). 

 The calculations are performed for the ТЕМ00q 
fundamental modes (q is the number of half 
wavelengths along the height of  the resonator) at the 
wavelength from  λ ≈1 mm to 1.8mm with the use of  
Program  complex CST Microwave Studio [2]. 

 
1. The construction of the orotron with DRPS and 

the long interaction length. 

Scheme of the orotron construction with the 
focusing five-focus mirror is represented on Fig.1. 
This mirror is created as the crossing spherical 
surfaces with equal R0 radius. Distance between 
symmetric axis of these surfaces is choosen to supply 
the Gaussian HF field distribution along an electron 
beam at the beginning of interaction region, in order 
to obtain the smooth HF field distribution and the 
Gaussian HF field distribution at the end of 
interaction region. 
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Fig.1. Scheme of the orotron construction with five-focus 

focusing mirror: 
Here 1 - the focusing mirror in the OR, 2 - the 
electron gun, 3- collector, 4- the electron flow, and 5 - 
a plane mirror. 
 

 
The DRPS with period 1, slot d between the 
projections, the ratio d/l = 0.5, and the distance 2H 
between the rows for the electron transit is located on 
plane mirror 5 (see Fig. 1). The DRPS occupies the 
entire surface of the plane mirror. The distance 
between mirrors is HOR. Focusing magnetic field Bz is 
aligned with the Z axis. 
 

2. Initial data for calculations 
 

At first wavelength is λ ≈1 mm. The curvature radius 
of the spherical mirror is R0 = 65 mm and the height is 
HOR = 2.5 mm. Hence, at the approximate wavelength 
value λ =1 mm, the caustic  radius is rc = 1.995 mm 
according work [3] for the fundamental oscillation 
type ТЕМ00q excited in the OR, which is formed by 
the focusing and plane mirrors. The relatively small 
height of the OR is used in order to minimize the 
calculation time.  Multyfocus mirror is used in which 
the number of Nf focuses   changes    from 5 to 11 but 
distance between   the first and last focuses is constant 
and equal 20mm (10rc). As it has been noted before, 
distance between the next focuses is Lf = Lc/(Nf -1). 
The wavelength changes from λ ≈1 mm to 1.8mm.  

The DRPS with period 1=0,182mm, slot d between 
the projections is 0.08mm, the ratio d/l = 0.5, and the 
distance 2H = 0.1mm between the rows for the 
electron transit is located on plane mirror 5 (Fig. 1). 
The width 2C of transit canal is 4rc. Height of rows is 
0.148mm. Height of DRPS comb is b0 = 0.5mm for 
b0=λ/2 comb and  b0 = 2hz+2H = 2x0.148+0.1 =

 0.396mm < 0.5mm, if  comb is  λ/4 < b0< λ/2. 

3. The calculation of the electrodynamics 
characteristics 

The electrodynamics characteristics (EDCH) of open 
resonators (OR), formed by the multyfocus spherical 
and plane mirrors for DRPS with b0< λ/2, are 
calculated. These EDCH are  the resonance 
frequencies –f0, quality factor –Q0, the norm Nr of the 
oscillations, the relative loss power - Pп/W = 2πf0/Q. 

Firstly the dependence of OR electrodynamics 
parameters on the focus number Nf   was fulfilled [4]. 
The results of computing show that when the 
“intermediate” comb is used in OR its proper quality 
factor is 1.4 times as much and relative losses power 
is 1.45 times as many in comparison to OR with 
“half-wave” comb and proper quality factor is 2.4 
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times as much and relative losses power is 2.4 times 
as many in comparison to OR with λ/4 comb. Then 
the calculations of dependence the OR 
electrodynamics parameters on comb height  was 
fulfilled for OR with Nf, = 11 from hz =0.25 mm (λ/4 
comb) till hz =0. 5 mm  (λ/2 comb). Firstly for hz =    
0. 25 mm and hz =0. 396 mm and then for 0.4 mm ≤ hz 
≤ 0. 5 mm with 0.02 mm step near λ=1mm. The 
optimal electrodynamics OR parameters for НОR= 
2.5mm were fixed for hz  = 0.396 mm. 

Electrodynamics OR parameters dependencies for 
“intermediate” comb with hz  = 0.396 mm on OR 
height 2.5 mm ≤НОR ≤ 4 mm were calculated with 
step 0.2 mm for 11 focus mirror. For every value of 
НОR animation images and high frequency distribution 
on three axis: longitudinal Z along electron beam, 
transverse X and vertical Y parallel  to OR symmetry 
axis. The most informative examples of Y axe 
distributions will be demonstrated here. It is 
interesting to observe the brightness changes along Y 
axis. 

  1) HОR = λ/2 = 2.5 mm,  f0 =295,897 GHz 

Fi
g.1. Animation image of HF field Е005  along Y axis 

 

Fig.2. HF field vertical distribution (along y coordinate, 
х=0, z=0). 

These types distributions along Y axis are repeated till 
HОR = 3 mm 

2) HОR = 3 mm,  f0 = 243,783GHz 

 

Fig.3. Animation image of HF field Е005 along Y axis 

 
Fig.4. HF field vertical distribution (along y coordinate, 
х=0, z=0). 

It is shown on Fig.3 the maximum of the brightness 
appears in transit canal, but this maximum is 
practically absent on HF field distribution on this axis  
(Fig. 4).  

3) HОR = 3.2 mm, f0 = 228,212 GHz, λ = 1.31 mm 
 
b0/ λ = 0.396 /1.31=0.302 
 

 
Fig.5. Animation image of HF field Е005  along Y axis 

 
 
Fig.6. HF field vertical distribution (along y coordinate, 
х=0, z=0). 

The same type distribution continues till HОR = 4 mm. 

Conclusion 
As a result of analysis it was established for the 

first time that vertical HF field distribution in 
“intermediate” comb may be of “half-wave “ type 
DRPS with b0 = λ/2 or of “quoter-wave” comb type 
with b0 = λ/4. Hence the λ/4 resonance takes place to 
increase the electron-wave interaction efficiency  in 
orotron when b0/λ   is less then 0.3. 
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Abstract: Experiments on output increasing in 

submillimeter orotron with double-row periodic 

structure (DRPS) and 5-focus spherocylindrical 

mirror open resonator(OR) were carried out. 

Additional electron beam was introduced near the 

upper row of DRPS. The mirror cylinder axes were 

perpendicular to the beam direction. The positive 

results depend on optimal OR-load coupling. 

Keywords: Orotron, submillimeter wavelength range, 

open resonators, multifocusing spherocylindrical mirrors, 

double-row periodic structure. 

1. Introduction 

At present there is a strong trend to investigate 

the teraherz frequency range (or submillimeter 

wavelength range), see for example [1-4]. In these 

conditions the problem of orotron with DRPS power 

increase  in this range is of great  interest. 

2. The objects of investigations and 

experimental method 

The objects of investigation were the 
experimental specimens of orotrons with DRPS 
operating under continuous pumping. The period of 
DRPS was 0.182 mm, the thickness of first row 
elements was  b1 = 0.154 mm, in second row b2 = 
0.147mm, the spacing of interaction channel was 2H 
= 0.1 mm. So, the total size of PS was b0 = 0.401mm 
[5]. The OR plane mirror  with first PS row had 
dimensions 34 x 19 mm. The focusing mirror of OR 
consisted of 5 spherocylinders with longitudinal axis 
perpendicular to the beam motion direction. The 
interfocusing distance was equal to 4.75 mm with 
cylindrical part 4 mm. The method of experiment was 
as noted below. Firstly the frequency tuning of a 
model of orotron with one electron beam passing 
inside the interaction channel was investigated. Then 
the new configuration of electron optical system was 
mounted to produce additional electron beam moving 
outside the upper row of PS. In this case the collector 
current registered was equal to the total current of two 
beams. This variant of electron optical system 
included special anode with two 0.1 mm slots and 
0.15 mm  bridge between them and was scrupulously 
adjusted to guarantee the 100% filling of interrow 
interaction channel. Cathode height in this case was 
equal to 4 mm to provide the forming of two electron 
beams. One can conclude the effect of second beam 
on output power increase by comparison of two 
operation regimes. 

3. Estimation of second electron beam 

influence on electron–wave interaction and 

experimental results 

In [6] the hypotheses about the possibility of 
electron-wave efficiency increase in orotron with 
DRPS when the second electron beam is introduced 
outside the upper DRPS row, i.e. on the distance b0  

from plane mirror. This preposition was based on the 
fact that if one can ignore the height 2H of interaction 
channel in comparison with two rows height, then 
orotron with DRPS is analogue of F.S.Rusin’s orotron 

with /4 comb and so cold “quote-wave resonance”. 
In [7] the formulae for resonance dependence of space 
harmonic amplitude An to OR wave amplitude A0 

ratio on b0/for formed by two plane mirrors. 
Fig.1 presents these dependencies for the 1-th, 3-d 
and 5-th space harmonics [8]. 

0,0 0,1 0,2 0,3 0,4 0,5
0,0

0,2

0,4

0,6

0,8

n=5

n=3

n=1

k
=

A
n
/A

0

slot hight, b
0
/

Fig. 1 

In this Fig.1 we see, that for  = 0.88mm (f≈ 340 

GHz) b0/ = 0.4/0.88 = 0.45 and А1/А0 ~ 0.1. Some 

increase in field amplitude (√Q fold) will be realized 

by resonance conditions. Electric component of HF 

field will be diminished as exp (-2πx/l) where x is the 

distance from upper row out side, l is the period of 

DRPS. As simple estimation shows the most effective 

is only thin (about ∆ ≤ 0.025 mm) layer of second 

electron beam adjusting to the surface of upper row. It 

is important in this case that the height of upper 

DRPS row would be a little higher than the upper 

surface of anode “bridge”. As experiment had showed 

this condition was fulfilled in “hot” regimes. 

In Fig.2 results of orotron tuning with one and 

two electron beams are presented. Data Icol.1, Р1, 

correspond to values of collector current and output 

power in orotron with one electron beam and data 
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Icol1+Icol2, Р1+Р2 – in orotron with two electron 

beams. 
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Fig.2 shows experimental results for coupling 

D=3 mm when the value of general current of two 

electron beams is twice its value in one-beam orotron. 

In this case the effect of additional electron beam on 

the increase of output power is more evident in 310 – 

330 GHz frequency range when the OR – load 

coupling in one-beam orotron was  not optimal. But in 

332 – 337 GHz frequency range where this coupling 

was optimal one observes the abrupt decay of P1+P2 

power with its minimum in P1 maximum. Then we 

can see its rise till the maximum near 340 GHz and 

slow decrease with frequency on the level exceeded 

that in one-beam orotron. 

4. Conclusion 

On the basis of experimental results received 

one can conclude that the introduction of additional 

electron beam outside the surface of upper DRPC row 

is sufficiently simple and effective method to increase 

the output power of the THz frequency range orotron. 

OR with multifocal spherocylindrical mirrors can be 

used. The search of optimal value of OR – load 

coupling coefficient is necessary  to realize this effect 

as the increase of total collector current in two-beam 

orotron  changes this coupling in comparison to one 

electron beam operation regimes. 
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Ever since Cerenkov and two other scientists 

were awarded the Nobel prize in 1958 for their dis-

covery of the luminescence of uranyl salt solutions 

under gamma-ray irradiation,[1] there has been con-

tinuing interest in understanding the interaction of 

moving charged particles with surrounding matter. 

The so called Cerenkov radiation (CR) is a cathodo-

luminescent phenomenon that occurs when a charged 

particle passes faster than the phase velocity of light 

traveling through a dielectric medium. Since its dis-

covery, CR has been applied in various detection and 

radiation devices for medical imaging, therapy, novel 

light sources, and acceleration of particles.[2] Often, 

the development of such CR-based applications is 

limited by thermal and dielectric breakdown is-

sues.[3,4] Another limitation is that, due to the veloci-

ty threshold, large facilities are required to generate 

highly energetic particles. These limitations restrict 

the upper and lower size and performance boundaries 

in vital applications. Nowadays, metallic metamaterial 

devices have been proposed, which overcome the 

limitations of conventional Cerenkov devices to real-

ize reversed CR from the negative-refractive index, 

[5] the ultralow threshold of kinetic energy in hyper-

bolic metamaterials, [6] and various metallic met-

amaterials comprised of subwavelength slits. [7–9] 

However, the realization of a high quality factor (Q) 

is still an outstanding roadblock for practical Ceren-

kov devices. Previous works on Cerenkov lasing (CL) 

using mirrors were limited by a lower electron beam 

impedance due to the interaction device and the radio-

frequency (RF) coupling mechanism. Here, to achieve 

a high Q for highly efficient CL, we focus on maxi-

mally trapping the electromagnetic Cerenkov radia-

tion wave to extend its interaction with the electron 

beam and on controlling the radiation damping, as has 

been described in Rayleigh scattering to maximize the 

efficiency of CL. In this paper, we demonstrate that 

the interplay between an extremely low group veloci-

ty from the infinite transverse permittivity of the ani-

sotropic metamaterials and the subradiant damping 

from Fano-type slit modes plays a key role in high-Q 

metallic metamaterials. The subwavelength metallic 

slits used to form asymmetric unit cells in the pro-

posed material, in which waveguide modes are used 

to concentrate strong electromagnetic fields, can be 

considered as a Fano system that induces a strong 

asymmetric resonance. The asymmetric spectral sig-

nature of Fano resonances is described as the interfer-

ence between the localized and propagating surface 

waves. The effective anisotropy of the metallic met-

amaterial induces a decrease in the group velocity and 

increases the local density of states to maximize the Q 

near the band edge. The optimum Q for optimum out-

put RF coupling can be obtained by controlling the 

radiation damping or Rayleigh scattering of the 

trapped electromagnetic wave based on structural 

asymmetries. The maximum Q was measured to be 

≈700, which is the highest value reported thus far in 

various Fano systems. As the moving electron beam 

interacts with the waveguide modes of the metallic 

metamaterial, dipole-like modes are induced at each 

slit aperture, leading to the formation of a surface 

wave, the phase velocity of which is adjusted to 

match that of the electron beam. The proposed high-Q 

metallic Fano metamaterial that realizes highly effi-

cient CL without mirrors is a strong candidate for 

several practical applications, especially in very high 

frequency electronic devices. 

We experimentally and theoretically demonstrat-

ed high-Q Fano resonances in metallic Fano met-

amaterials. In these materials, trapped light was 

slowed down due to the large effective anisotropy, 

and the subradiant damping resulting from a low 

structural asymmetry was responsible for the high-Q 

Fano resonances as they retained a large amount of 

electromagnetic energy in the narrow slits. As an ex-

ample of an active device, we also demonstrated that 

the efficiency of CL was enhanced using this metallic 

Fano metamaterial. The Q of the Fano resonance is 

best optimized for maximum efficiency in CL, which 

is in good agreement with the results of recent theo-

retical works that employ two ideal mirrors with high 

reflectivity for describing the confinement and emis-

sion of CR. The Fano resonances in metallic met-

amaterials demonstrated in this study confirm that 

high-Q cavities can be realized for efficient CL. It is 

also interesting to note that our results confirming 

efficient CL with the enhancement of trapped light 

and a large /Q V , where V  is the volume of the 

trapped light,  are quite similar to the Purcell effect of 

enhanced spontaneous emission in a microcavity. The 

Q measured in this study was ≈700, which validates 

our understanding of the operating conditions related 

to the convection of electrons. This will be experi-

mentally explored further in future works. This high-

Q metallic metamaterial with a collimated output 

scheme can be realized experimentally similarly done 

in the vacuum electron device such as backward-wave 

oscillators. Also this high-Q metallic metamaterial 

can be considered to be scalable to te-

rahertz/IR/optical frequencies. The relatively lower Q-

factor is expected for the device with IR/ optical fre-

quencies due to the plasmonic Fano resonance than 

one with terahertz frequency. Q-value of few hun-

dreds is predicted in the device with terahertz fre-

quency. Q of this structure can become much larger 

on adjusting the geometric parameters for other appli-

cations, such as switching, sensing, subdiffraction 

focusing, and collimated emission. The asymmetries 
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can also be described as “well-controlled” structural 

disorder that interplay with the periodicity-induced 

scattering of light and lead to the strong localization 

of light in disordered periodic media in Fano systems. 

 

The Fano resonances in this metamaterial is 

formed by two different paths of scattered light. The 

first is the ordinary Fabry– Perot (FP) resonance that 

results from direct and nonresonant scattering. The 

broad part of the spectral lines in Figure 1 shows the 

FP scattering background in the transmission spec-

trum 
FP

T  with 0
x y

   . The FP resonance is 

formed by dipole-like scattering of propagating 

waveguide modes at the apertures of the subwave-

length slits. Given the subwavelength condition, the 

scattering caused by the array of dipoles can be effec-

tively described as a Fresnel coefficient under p-

polarized incidence, as shown previous studies of the 

transmission spectrum and Brewster angle. The sec-

ond scattered light path is due to the diffractive cou-

pling of the incoming waves to the trapped modes. 

The trapped modes are formed by nearfield coupling 

among the waveguide modes. The trapped modes then 

experience radiative damping caused by the asym-

metry and thus emit far-field electromagnetic waves 

to free space. The dipole scattering of the trapped 

modes due to the structural asymmetry is responsible 

for the formation of Fano resonances 
F

T  that interfere 

with FP scattered waves.  

Fig. 1. Dependence of the incidence angle on the Q of the 

Fano resonances and its relationship with band-gap formati-

on. (a)–(d) Transmission results with different angles of 

incidence and structural asymmetries. The four sharp dips 

(m = -2, -1, +1, +2) represent the excitation of the Fano 

resonance by capturing the p-polarized incident wave.  

 

Fig. 2. Description of CL in the metallic Fano metamaterial. 

(a) Dispersion diagram of the Fano resonances with space-

charge evanescent (red) and radiative (green) modes. The 

light lines are shown as black dotted lines and the red hol-

low circles represent the spectral positions of the electrons 

interacting with the trapped modes that result in Cerenkov 

radiation in this metallic metamaterial. The green hollow 

circles represent the spectral positions of the Fano reso-

nances with radiation damping. (b) The power efficiency 

(radiation power divided by voltage (10.431 keV) and cur-

rent (6–40 mA based on a 10-mm width of the sheet elect-

ron beam) as a function of the asymmetry. 
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Introduction 

Fusion plasma experiments require very powerful 

heating systems to achieve the needed high plasma 

temperatures. For Electron Cyclotron Resonance 

Heating and Current Drive (ECRH&CD), the 

gyrotron oscillator is the only known source which is 

capable to produce a megawatt-level RF output power 

[1] in the range from 30 GHz up to 300 GHz for a 

possible future DEMO EC heating system. The 

excitation of the main operating mode in the gyrotron 

cavity and the separation of this mode from the 

different possible competing modes is a very 

challenging task due to the very high order of that 

modes. A similar problem exists for the excitation of 

the wanted high-order mode in low-power test 

systems to validate the quasi-optical output system of 

that kind of gyrotrons. But, the availability of such a 

test system is vital during the gyrotron design and 

validation phases. Particularly, the launcher of the 

quasi-optical output coupler, which converts the 

rotating high-order operating cavity mode into a 

linearly polarized Gaussian output beam, is the 

critical component here. The existing test set-up at 

Karlsruhe Institute of Technology (KIT) which basic 

idea bases on [2], includes a quasi-optical mode 

generator using fully manually operated mechanical 

sliding units [3]. Obviously, those manual sliding 

units suffer from a large hysteresis, hence, require a 

very time-consuming adjustment. Here the first steps 

towards a fully automated test system are presented. 

First steps towards a fully automated               

mode generator setup 

Moving towards a fully automated test system at 

KIT required three major steps: the introduction of a 

fully automated mechanical adjustment of the mode 

generator, the replacement of the frequency multiplier 

and harmonic mixer [4] by a new vector network 

analyzer which is even capable to cover the complete 

frequency range from 140 GHz to 330 GHz using 

different frequency extension modules and an 

intelligent algorithm which finds autonomous a setup 

configuration to excite the correct mode.  

The sliding units were to replace by two precision 

linear stages, as depicted in Fig. 1, which can be 

handled by a computer. It allows to run experiments 

including an adjustment of the quasi-parabolic (q.-p.) 

mirror system without any human attendance.  

The proposed system has been validated by the 

excitation of the TE28,8-mode at 140 GHz used for the 

1 MW, CW gyrotrons for the stellerator W7-X at IPP 

Greifswald, Germany [5]. Recently, an upgraded 

1.5 MW version of this gyrotron, with the possibility 

of operation also at 175 GHz, is under discussion. 

Therefore, a mode generator cavity for the TE28,10/ 

TE36,12-cavity modes operating at 140/175 GHz, 

respectively, has been designed, fabricated and 

successfully tested [6]. The cavity of the generator 

contains an inner conductor and is especially designed 

for the low power measurement setup. Its design has 

been studied and optimized employing a scattering 

matrix code [7]. A frequency shift occurs due to the 

perforated midsection area. First results are shown in 

[6], where the operation frequency are determined at 

140.155 GHz and 175.992 GHz. The remaining 

frequency shift of around 155 MHz can be eliminated 

by increasing the radius of the inner rod which leads 

to a lower eigenvalue and thus a lower frequency. The 

measured TE28,10 mode pattern at 140.01 GHz is 

shown in Fig. 2 and 3. The highest mode content is 

determined by 92.2 % and the counter-rotating 

amount is calculated to be 0.57 %. The designed 

quality factor is 2506 and is in very good agreement 

with the measured 2522. The adjustment of this mode 

was done using the old setup, as well. The comparison 

show, that a time saving of more than 94 % is 

achieved using the new setup with the advanced 

algorithm. 

Recently, programs for the determination of the 

frequency, acquisition of the mode pattern and the 

mode pattern evaluation are running separately. In the 

future, those programs will run sequential and an 

already written intelligent algorithm makes the 

decision if the acquired mode pattern is matching to 

the theoretical one or not. The algorithm has two main 

functions, namely (i) finding the ideal position for the 

q.-p. mirror and (ii) the determination of the mode and 

its quality. Regarding point (ii), five techniques are 

 

Fig. 1. Depiction of the mode generator setup. 
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 2 

 

Fig. 2. Amplitude pattern of the TE28,10-mode at 

140.01 GHz with a resolution of the measurement arm of 

0.2x0.2 mm. 

 

implemented. It can determine the radial index by 

counting the number of rings and the azimuthal mode 

index by evaluating the phase jumps. Further, the 

scalar mode content, the quality factor and the amount 

of the counter-rotating mode are calculated. 

Tolerance study of the quasi-parabolic mirror 

The adjustment of the q.-p. mirror is the most 

important parameter for a correct excitation of the 

mode. A tolerance study has been started proving the 

required adjustment accuracy. The precision linear 

tables under use have a position error of 

< 25 μm/100 mm and a repetition failure 

(bidirectional) of < 15 μm. For this study, different q.-

p. mirror positions are tested and the scalar mode 

content and the amount of the counter-rotating mode 

is calculated at each position and summarized in 

Tab. 1. Any deviation in x- and y-direction can be 

assumed and measured using the two precision linear 

tables. The values Δx and Δy are the differences 

between the actual and the ideal position. A deviation  

Tab. 1. Summary of the tolerance study regarding different 

positions of the q.-p. mirror in respect to the ideal one. 

 

ID Δx 

[mm] 

Δy 

[mm] 

Scalar mode 

content [%] 

counter-

rotating 

mode [%] 

1 0.0 0.0 92.2 0.57 

2 -0.8 0.0 88.6 4.15 

3 -0.8 +0.7 90.2 1.43 

4 -0.4 0.0 91.0 1.25 

5 -0.4 +0.7 92.0 1.13 

6 0 +0.7 92.0 1.05 

7 -0.2 -0.2 91.5 1.51 

8 -0.2 0.0 91.1 1.35 

9 -0.8 -0.2 92.1 1.00 

10 -0.8 0.0 92.1 1.05 

 

 

Fig. 3. Phase diagram of the TE28,10 mode pattern at 

140.01 GHz with a resolution of the measurement arm of 

0.2x0.2 mm. 

of Δx = 3 mm leads to a mode pattern where several 

modes are superimposed and no dominant mode could 

be identified. A deviation of Δx = 1.5 mm leads to a 

mode pattern where several modes are superimposed 

as well, but the TE28,10-mode could be identified as 

dominant. Nevertheless, the quality is not sufficient. 

In general, a deviation of the ideal mirror position 

reduces the scalar mode content and increases the 

amount of the counter-rotating mode. But, the impact 

of a deviation of roughly 0.8 mm is not incredible 

high for this specific cavity, as can be seen in Tab. 1. 

In the next steps, further tolerance analysis will be 

made.  
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Electron-cyclotron resonance (ECR) ion sources 

are one of the most widespread types of systems for 

producing ion beams. Previous experiments in IAP 

RAS were aimed at creating sources of multiply 

charged ions with a high plasma density in such mag-

netic field configurations as open magnetic trap and 

cusp. It was demonstrated that in such systems the 

electron concentration can reach values 〖10〗^13  

〖cm〗^(-3), electron temperature at the level of 100 

eV, and the ion beam current has record values up to 

500 mA [1-3]. System which is based on the ECR 

discharge in one solenoid magnetic fields has pro-

spects for producing sources of singly charged ions 

and formation of plasma fluxes with large apertures as 

an alternative to existing magnetic plasma confine-

ment systems. This paper is concerned with an exper-

imental investigation the transversal plasma fluxes 

distribution and measurements of plasma parameters 

obtained in the ECR discharge in a single magnetic 

coil sustained by a powerful millimeter-wave gyro-

tron radiation. 

The experiments were carried out at the IAP RAS 

on facility SMIS 37 (see fig.1), partly modified the 

single coil studies. Gyrotron radiation at the frequen-

cy of 37.5 GHz with the power up to 100 kW and 

pulse duration up to 1.5 ms was used for electron 

heating and discharge ignition. The microwave radia-

tion is launched through a quasioptical system into the 

discharge chamber with diameter of 68 mm and 250 

mm long placed inside pulsed magnetic coil. Magnet-

ic field in the center of the coil varies from 1 to 4 T. 

ECR value of magnetic field for the frequency of ex-

ternal electromagnetic radiation 37.5 GHz is 1.34 T. 

The operating gas (hydrogen) was inlet into the dis-

charge chamber in pulsed mode along the axis of the 

magnetic system through a gas-entry system integrat-

ed into the electrodynamic system for microwave ra-

diation injection. To control neutral gas inlet the pres-

sure in the gas buffer chamber above the gas valve 

was varied from 0.25 atm. up to 0.92 atm. 

 
Fig.1 The scheme of experimental facility SMIS 

37. 

 

The first experiments were aimed to determine 

breakdown conditions in this system. At the first step 

experiments with a constant neutral gas injection were 

performed to study the possibility of the discharge 

ignition and to determine a threshold microwave 

power for it at various pressures. Breakdown curve 

plotted according to the experimental data is shown in 

fig.2. Also it was demonstrated that discharge could 

be realized only if maximum magnetic field in the 

chamber is above ECR value. 

The second part of the experiments was aimed to 

measurements of transverse profile of the plasma flux 

outgoing along the axis of magnetic system. During 

the experiments, the parameters of the system were 

optimized in such a way as to achieve the most ho-

mogeneous plasma flux radial distribution. The meas-

urements were carried out using a Langmuir probe 

moved both in the radial and in the axial directions. 

As a result of experiments, the plasma flux profiles 

were measured at various distances from the center of 

the magnetic coil.  

Example of the radial plasma flux distribution at 

the distances from the center of the magnetic coil of 

31 cm, 21 cm, 12 cm, 10 cm and 8 cm at gyrotron 

power Q=100 kW and at the value of magnetic field 

at the center of the probe B_c=2.16 T is shown in fig. 

3. The vertical axis represents the density of the plas-

ma flux, the horizontal axis represents the radial coor-

dinate. 

 
Fig. 2. Breakdown threshold curve for hydrogen 

 

 
 

Fig 3. Plasma flux distribution in a cross section, 

d- distance between the probe and the centre of the 

coil. 
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The third part of the experiments was devoted to 

measuring the plasma parameters obtained as a result 

of the ECR discharge in the magnetic field of a single 

solenoid. During the experiments, the plasma density 

was measured at a distance of 31 cm from the center 

of the magnetic coil at different gyrotron powers, re-

sult is presented in fig. 4. It is clearly seen from the 

dependence that the plasma density in the discharge 

increases with the microwave power and reach values 

〖10〗^10 〖cm〗^(-3). Measurements of the plasma den-

sity at various magnetic fields were also done. It is 

clear from the fig. 5 that plasma density increases 

with the growth of the magnetic field. 

 
Fig. 4. Dependence of plasma density on the gy-

rotron power, d = 31 cm 

 

 

Fig 5. Dependence of plasma density on magnetic 

field. 

 

The final part of the experiments was concerned 

with optimization of system parameters on purpose to 

obtain the maximum electron density in the discharge 

and to measure the current density of the ion beam. 

The maximum electron density in the center of the 

magnetic coil obtained in the experiments was 

𝑁𝑒𝑚𝑎𝑥 = 2 ∙ 1013 𝑐𝑚−3, and the electron temperature 

was in the range 10-30 eV. The ion beam current 

reached 15 mA through a hole with a diameter of 1 

mm, which corresponds to the ion current density of 

𝑗𝑚𝑎𝑥 ≈ 1.5 𝐴/𝑐𝑚2.  

 

Conclusion 

 

Experimental results obtained during the investi-

gation of ECR discharge in one solenoid magnetic 

field demonstrated the possibility of producing wide-

aperture plasma fluxes with a homogeneous radial 

distribution at different distances from the magnetic 

coil. It was also demonstrated that the plasma density 

increases with gyrotron power and magnetic field. As 

a result of the experiment parameters optimization 

plasma density of 𝑁𝑒𝑚𝑎𝑥 = 2 ∙ 1013 𝑐𝑚−3 and the 

electron temperature at the level of  Te≈10-30 eV 

were obtained. Density of ion current extracted 

through the 1mm hole reached record values 𝑗𝑚𝑎𝑥 ≈
1.5 𝐴/𝑐𝑚2. Thus, these experimental results demon-

strate that such system has clear prospects for produc-

ing of a wide-aperture plasma fluxes with high current 

density. 
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Introduction 

The most important application of high-power 
continuous-wave (CW) gyrotrons is electron cyclo-
tron plasma heating for nuclear fusion [1]. For such 
application, a large number of gyrotrons should be 
used to obtain a very high power. For example, in 
ITER it is planned to use 26 gyrotrons with 1 MW 
power level. Providing coherence of radiation of large 
number of high-power microwave sources is a chal-
lenging task. One of the possible solutions is either 
injection locking by external master oscillator with 
stabilized frequency [2],[3] or mutual phase locking 
[4]. 

In this paper, we present the results of theoretical 
analysis and numerical simulation of mutual phase 
locking of two coupled gyrotrons. 

Modified quasilinear model 

In [5], we developed a basic theory of mutual 
phase locking of two limit-cycle oscillators coupled 
with delay. The delay in coupling provides essential 
features of the pattern of synchronization. In particu-
lar, it is very sensitive to the phase shift of the coupl-
ing signal propagating between two counterparts. 
However, the analysis presented in [5] is valid only in 
the case of weak coupling and small frequency mis-
match. In [6], we considered a more general model of 
two coupled gyrotron oscillators, which are assumed 
identical except a small frequency mismatch. The 
model is described by two delay-differential equations 
(DDE)  
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 (1) 

Here, 1,2A  are slow amplitudes,   is normalized fre-

quency mismatch,   is the complex gain factor, Is is 
the normalized beam current parameter,   is the 

coupling strength, 0 2dt Q    is the normalized 

delay time td, td. In the quasi-linear theory [7], 
the complex gain factor is obtained as a polynomial 
expansion AA… as a result of ap-
proximate solution of the electron motion equations. 
However, this approximation is valid only at a slight 
excess of the start-oscillation current and, consequent-
ly at low efficiency. Therefore, to extend the range of 
validity of the model, we obtain |A|2) by fitting the 
numerical solution of the equations of time-domain 
gyrotron theory with fixed Gaussian profile of the RF 
field [7].  

Numerical simulation in a wide range of parame-
ters confirms the basic pattern of synchronization re-

vealed in [5]. The results of simulation for the DDE 
model (1) and time-domain gyrotron theory with fixed 
Gaussian profile of the RF field [7] are in good 
agreement with each other. 

 

 
Fig. 1. Domains of stability of the in-phase (I) and anti-
phase (A) mode of synchronization  on the Δ, ρ plane for 

0.05sI  , 0.4   , and 3.0  . 

The study of mutual phase locking of two gyro-

trons in the soft-excitation mode ( 0.4H  ) [6] re-

vealed that the delay in coupling strongly affects the 
pattern of phase-locking regimes. In particular, it is 
very sensitive to the phase shift of the coupling signal 
propagating between two counterparts. 

Numerical simulation in a wide range of parame-
ters confirms the basic pattern of synchronization re-
vealed in [5]. With the increase of the delay, there 
appear new modes of synchronization, i.e. the multis-
tability becomes more pronounced. Fig. 1 illustrates 
the situation when there exist two in-phase and one 
anti-phase modes. 

In addition, in Fig. 1 the stability domains calcu-
lated according the time-domain gyrotron theory with 
fixed Gaussian profile of the RF field [7] are shown 
with circles. They are in good agreement with the 
results of simulation for the DDE model (1). 

Synchronization of two gyrotrons in the hard  
excitation mode 

Maximum efficiency in a gyrotron is usually at-
tained in a hard excitation mode [7]. Thus, we studied 
synchronization of two coupled gyrotrons with Gaus-
sian profile of the RF field with the parameters  

0.06sI  , 0.53H   when the orbital efficiency is 

nearly 70%. 
The system of two mutually coupled gyrotrons 

demonstrates a behavior which has much common 
with dynamics of a single gyrotron oscillator driven 
by an external signal [2]. In [2], we found a number of 
differences from the well-studied pattern of synchro-
nization of the generator with soft excitation. 
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Fig. 2. Time histories of the amplitudes at , ΔH = 0.53, 
Is = 0.06, ρ = 0.5, ψ = 0.15π, τ = 5. 

In particular, since bistability presents in the auto-
nomous system, it also appears in the non-coupled 
system. The synchronization mode with high efficien-
cy establishes only if the initial perturbation is large 
enough that is typical for systems with hard self-
excitation. Moreover, for certain values of the para-
meters, the synchronization mode turns out to be ex-
tremely sensitive to the initial phase of the oscillations 
and an external signal may cause a breakdown into 
the low-amplitude mode instead of synchronization. 
In Fig. 2, examples of the time histories for a suffi-
ciently large coupling are presented. When both gyro-
trons start from the same initial amplitudes (Fig. 2(a)), 
the oscillations are excited in both gyrotrons and the 
efficiency reaches its maximum value. However, at 
t = 5 the signal from one gyrotron starts to affect the 
other one and vice versa. As a result, the oscillations 
of both gyrotrons are completely suppressed. Under 
somewhat different initial condition, only one of the 
gyrotrons suppresses the other, as is shown in 
Fig. 2(b).  

On the contrary, coupling of the gyrotrons may 
lead to the excitation of one gyrotron by another. 
Fig. 3 illustrates the case when the initial amplitude of 
the second gyrotron is zero. In the hard excitation 
regime, this is a stable state. However, when the sig-
nal from the first gyrotron enters the resonator of the 
second one, the oscillation of the second gyrotron 
starts to grow and finally the synchronization mode is 
established. 

Synchronization of coupled multimode gyrotrons 

Finally, we considered mutual synchronization of 
two multimode gyrotrons. The simulation shows that 
in this case instead of oscillation quench there occurs 
excitation of a spurious mode.  

 

Fig. 3. Time histories of amplitudes of gyrotrons at ρ = 0.3, 
ψ = 0.4π, τ = 5. 

 
Fig. 4. Time histories of amplitudes (A1o  - operation mode 
in the first gyrotron, A2o and A2s - operation and spurious 
modes in the second gyrotron) at ρ = 0.5, ψ = 0.4π, τ = 0.5. 

This is illustrated by Fig. 4 where time histories of 
the operating modes in two gyrotrons are plotted (cf. 
Fig. 2(b)). Or, on the contrary, at different initial con-
ditions build-up of the synchronization mode may 
occur while the spurious modes in both gyrotrons are 
completely suppressed. 
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Introduction 
The beam-plasma interaction system allows one 

to generate high-power sub-mm waves (frequency 
interval 0.1÷1 THz) by usage of mechanism of plasma 
wave transformation [1]. This way gives possibility to 
achieve multi megawatt power with the promptly var-
ying frequency that can be necessary for various prac-
tical applications. The original project of a sub-mm 
wave based on transformation of plasma waves 
pumped by a kA-current relativistic electron beam is 
developed at the GOL-PET facility. We present novel 
results on the study of mechanisms of sub-mm wave 
emission by the processes of plasma wave transfor-
mation in electromagnetic one in case of the strong 
beam-plasma interaction. 

Facility and results of experiments 
To study the conditions associated with the gen-

eration of electromagnetic radiation, the specialized 
facility GOL-PET was constructed. The GOL-PET 
facility consists of an open magnetic trap with a mul-
tiple-mirror or uniform magnetic field of mean value 
B = 4.2 T and length L = 2.4 m between the end mir-
rors, see Fig.1. The end mirrors have a strong field up 
to B = 8 T. A plasma column with the density ne ≈ 
(0.2 ÷ 5) ×1015 cm-3 and a diameter of 7 cm is created 
by a longitudinal high-current discharge. U-2 acceler-
ator producing a high current relativistic electron 
beam (REB) is mounted at one end of the trap. It pro-
duces the beam with the current I ~ 10 kA, the pulse 
duration 6 μs at the electron kinetic energy Ee ≈ 0.8 
MeV. The REB is injected into the end of the plasma 
column and where the beam diameter is 4 cm at the 
magnetic field 4 T. The radial profile of the plasma 
density is measured in 9-dots over the column diame-
ter at a distance z = 0.83 m from the entrance mirror 
by diagnostics based on Thomson scattering. Dynam-
ics of the average plasma density is measured by Mi-
chelson interferometer at z = 1.16 m. Pulsed current 
transformers measure the electron beam current at 
different axial points. Electron energy of REB is de-
termined according with accelerator voltage in the U-
2 diode. The transfer of energy from REB to plasma is 
calculated from results of measurements of diamag-
netism of the plasma column. The 8-channel sub-mm 
polychromator, as well as a number of single detec-
tors with bandpass filters at their entrance are utilized 
to study properties of radiation emitted by plasma [2]. 

Previous experiments showed that the changes of 
the power value of the emitted electromagnetic waves 
correlated with the variation in the efficiency of plas-

ma heating by the electron beam. [1-3]. In a previous 
series of experiments on the simultaneous registration 
of radiation power emitted along the axis of the plas-
ma column and in its perpendicular direction conduct-
ed at varying the plasma density from 1014 up to 1015 
cm-3, we observed that the emission in the transverse 
direction was only at relatively low plasma densities 
(ne < 5×1014 cm-3 ). For higher value of plasma densi-
ty, the emission in the band above 300 GHz was ob-
served along the axis of the device only. Just as in the 
earlier experiments on the GOL-3, the EM-wave 
emission mainly exists simultaneously with the in-
creasing of the plasma diamagnetism. 

A series of experiments for measuring the tem-
poral dynamics of radiation spectra emitted along the 
axis carried out for the plasma density higher than 
5×1014 cm-3. It was done by the 8-channel polychrom-
ator with semiconductor diodes for the frequency in-
terval from 0.1 up to 0.5 THz. For the interval 
0.5 ÷ 0.9 THz the measurements were done by single 
plasmonic detectors and an additional 2-channel sys-
tem of cryogenic sensors. Experiments showed that at 
plasma density 5×1014 ÷ 1015 cm-3 the spectral com-
position of the emission along the axis of the plasma 
column depended on radial gradient of the plasma 
density [2, 3]. The increase of the gradient caused to 
strongly increasing the spectral power density in the 
frequency band 150 ÷ 300 GHz. An example of sig-
nals from various sensors for one of the pulses of the 
GOL-PET facility (#1945) in case of the strong plas-
ma density gradient (greater than 1015 cm-4) is pre-
sented in Fig. 2. The signal of the spectral power den-
sity from the diodes in the interval 150 - 300 GHz is 
dumped in 50 times for presenting here. Taking into 
account, this dumping factor we can say that the pow-
er in the spectral interval 150 ÷ 300 GHz is 25 
kW/(sr∙cm2) and the spectral power  density is greater 
than its value in the interval 400 ÷ 800 GHz approxi-
mately in two orders of the value. 
 

0.83 м 1.16 м 3.67 м0.51 м

0.4 0.6 0.8 1 1.2-1 0
0

2

4

6

8

B,
 T

z, м 3 4

B,
 Т

л

e-beam plasma Michelson 
interferometer

10.6 μm

magnetic 
field

To 9-channel 
Thomson 
scattering

1.06 μm

IR absorber

to 8-channel
THz polychromator

0.1-0.5 THz
Schottky diodes 

to 3-channel
THz detector 

detector
f > 300 GHz

Semiconductor
Plasmon detector

f=0.8; 0.64; 0.53 THz 

to 2-channel 
cryogen detector

f1=0.8; f2=0.64 THz 
OR

0,51 m 0,83 m 1,16 m

0,51 m 0,83 m 1,16 m

OR
Calorimeter

z, m

B,
 T

 
Fig. 1. Schematic of experiments at the GOL-PET facility 
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Fig. 2. Results of measurements in pulse #1945 at the GOL-
PET facility. Left – plasma density distribution from 8-
channel Tomson scattering system; right – signals from 
various sensors. UD – diode voltage of the accelerator 
(MeV), IBeam – beam current (10 kA), nT – plasma pressure 
from diamagnetic loop, other signals – radiation power in 
frequency selective detectors in Watts. 
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Fig. 3. Spectral composition of the plasma emission along 
the axis in case of strong plasma density gradient in trans-
verse direction 

Short analysis of measurement results  
The signals in the frequency band 125 ÷ 250 GHz are 
interpreted as radiation near the plasma frequency, 
Fig.3 (spectral band in left side of the picture). Such 
radiation can be produced through the linear mode 
conversion of upper-hybrid branch of plasma oscilla-
tions in region with plasma density gradients [4]. The 
observed width of the spectral line corresponds to the 
limited range of plasma density (3-6) ×1014 cm-3. It 
means that intense beam-driven oscillations are local-
ized near the bottom of density wells visible in Fig. 2 
(left). If the plasma density in such a narrow well is 
modulated in the longitudinal direction due to, for 
example, the modulation instability, sub-luminal 
beam-driven modes can resonate with slow wave-
guide electromagnetic modes [5]. Then, these wave-
guide modes escape from the local density wells in 
the predominantly longitudinal direction via regular 
longitudinal inhomogeneity of plasma density on the 
scale of the magnetic field corrugation (10 cm). As to 
the high-frequency band 400 ÷ 800 GHz, Fig.3 (spec-

tral band in right side), on our opinion, is a result of 
the coalescence of two upper hybrid plasma waves 
into electromagnetic ones [6-8]. Since the sub-mm 
wave emission at the plasma density higher than 
5×1014 cm-3 is realized along the axis, we suppose that 
additional feature exists for longitudinal redirection of 
electromagnetic waves in the GOL-PET device. Note 
that the tendency to this redirection is qualitatively 
reproduced in theory [7]. 

 
Conclusion 
It is found for the plasma density (0.5 ÷ 1.0) 

×1015 см-3 that the radiation spectrum of the flux 
propagating along the axis of the beam-plasma system 
is mainly concentrated in two clearly distinct regions 
with the high level of spectral power density. The first 
region is located in the frequency interval 
f1=0.15 ÷ 0.25 THz, the second one is in the interval 
f2=0.4 ÷ 0.8 THz. The emission observed in the fre-
quency interval f1 has the power in the flux on a meg-
awatt level and is interpreted as result of the linear 
conversion of the upper-hybrid branch of plasma os-
cillations to the electromagnetic radiation in regions 
of strong plasma density gradients. We interpret the 
emission in the interval f2 as result of merging of 
these two plasma oscillations into the electromagnetic 
wave at a high level of plasma turbulence. 

This work is supported by the Russian Founda-
tion for Basic Research (grant 18-02-00232). 
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Abstract 

A high-harmonic Large Orbit Gyrotron and a 

low-voltage gyrotrino placed inside a spectrometer 

cryomagnet enable greatly simplify terahertz systems 

for magneto-resonance spectrometers. Large Orbit 

Gyrotrons provide a powerful third-harmonic genera-

tion at frequencies of 1 THz and 0.394 THz in pulsed 

and CW regimes, respectively, at significantly lower 

magnetic fields than conventional gyrotrons. Accord-

ing to simulations the gyrotrino with the voltage of 

1.5 kV and frequency of 0.264 THz can generate a 

power of tens of watts; a possibility to operate at such 

a low voltage is demonstrated in the existing gyrotron 

with three-electrode magnetron-injection gun. 

Introduction 

THz medium power gyrotrons are in high de-

mand for high-field DNP-NMR spectroscopy. How-

ever, only few installations are now equipped with 

such fairly expensive generators. Large Orbit 

Gyrotrons (LOGs) and gyrotrinos may make this 

method accessible for many laboratories due to the 

considerable simplification of the gyrotron magnetic 

system.  

Conventional gyrotrons commonly operate at the 

fundamental or second cyclotron harmonics. The lat-

ter allows using simpler cryomagnets with a half-

value of the magnetic field. A greater effect can be 

achieved in LOGs, capable of selective operation even 

at the third and fourth harmonics due to applying an 

axis-encircling electron beam [1-5], in contrast to a 

hollow poly-axis beam in a conventional gyrotron. 

Another option is integration of a compact 

gyrotrino in single cryomagnet with an NMR spec-

trometer [6, 7]. This is based on the proximity of the 

electron cyclotron frequency and the frequency of the 

paramagnetic resonance in a sample. The integration 

eliminates the need for an additional cryomagnet and 

a long THz transmission line with high losses. An 

exact frequency matching can be achieved at a very 

low gyrotron voltage, namely 1-2 kV [6], or at special 

profiling the cryomagnet field [7]. 

High-Harmonic Large Orbit Gyrotrons 

In a LOG cavity (Fig. 1), an axis-encircling 

electron beam can excite only co-rotating modes with 

azimuthal indices equal to the number of the resonant 

cyclotron harmonic [1-5]. This strong selection rule 

prevents the excitation of most of parasitic modes and 

makes it possible to operate at higher harmonics. 

At the Institute of Applied Physics, LOGs, are 

being studied in parallel with conventional gyrotrons, 

for more than 20 years to obtain higher frequencies at 

lower magnetic fields. First experiments were carried 

out at high-current electron accelerators with moder-

ately relativistic electron energy of (250 – 400) keV. 

These LOGs selectively generated high output powers 

at harmonics s=2-5 and frequencies from 20 GHz up 

to 0.4 THz [5]. At relativistic energy, electron-wave 

coupling at high harmonics can be stronger than at the 

fundamental resonance, but a problem of neighboring 

harmonics discrimination is fairly complex. In 

addition, use of relativistic energy decreases the 

cyclotron electron frequency and reduces the 

frequency gain. 

 
 a) 

 
b) 

Fig. 1. Electron beams in conventional gyrotron (a) and 

high-harmonic Large Orbit Gyrotron (b) 

 

The further progress in development of LOGs 

was associated with reducing the operation voltage 

that enables replacing the accelerators by simpler 

high-voltage modulators, as well as with increasing 

the radiation frequencies. In the 80-kV LOG (Fig. 2a) 

[4], a stable single-mode second- and third-harmonic 

generation with a power of 0.3–1.8 kW was obtained 

in 10-µs pulses at four frequencies in the range of 

0.55–1.00 THz at magnetic fields 10.5–13.6 T. A rela-

tively low efficiency of this generator ~1% was 

caused by great Ohmic losses in a long gyrotron cavi-

ty at THz frequencies. This LOG was used for scien-

tific applications and for testing novel versions of 

THz cavities [5] aimed to enhance efficiency by de-

creasing Ohmic losses, as well as to make possible the 

fourth-harmonic operation. 

An important step in LOG progress is a develop-

ment of a 30 kV/0.7 A gyrotron [5] with a 5 T 

cryomagnet designed for a CW operation (Fig. 2b). In 

this oscillator, an electron beam with a large pitch-

factor of 1.5 is formed in a cusp gun and then the 

transverse electron velocity increases in an increasing 
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magnetic field. The main scope of this setup is opera-

tion at the second, third and fourth harmonics at the  

 

Fig. 2. LOGs with parameters 1 THz/80 kV (a) and 0.394 

THz /30 kV (b). 

typical DNP frequencies of 0.26 THz, 0.39 THz, and 

0.52 THz with the power level of hundreds of watts.  

In a good accordance with simulations, experi-

mental zones of excitation of the second-harmonic 

TE2,5 and third-harmonic TE3,7 modes are well sepa-

rated by magnetic field. Generation with parameters 

800 W/ 0.267 THz and 300 W/ 0.394 THz is obtained 

at the fields B=5.02 T and B=4.93 T, respectively. 

Competition of these two modes is observed at inter-

mediate magnetic fields. An increase in operating 

magnetic field up to 6.3 T and in the electron voltage 

up to 45 kV should allow achieving frequencies up to 

0.65 THz at the fourth cyclotron harmonic [5]. 

Gyrotrino 

Integration of a THz generator and an NMR spec-

trometer in single cryomagnet requires the exact 

matching of the DNP and gyrotron frequencies. Be-

cause of relativistic dependence of the cyclotron fre-

quency on electron energy this is possible at an ex-

tremely low voltage of 1-2 kV only [6]. The very pos-

sibility of operating at a such low voltage was verified 

in an existing CW gyrotron [8]. A three-electrode 

magnetron injection gun of the gyrotron was initially 

designed for a higher voltage; to obtain an acceptable 

electron pitch factor for the low voltage, a high posi-

tive potential was applied to a modulating anode 

while keeping a negative cathode potential in order to 

increase the transverse particle velocity in the emitter 

region and decrease the longitudinal velocity in a re-

gion between the anode and the cavity. As a result, a 

stable generation with the frequency of 0.25 THz was 

observed at whole range of electron energies in the 

gyrotron cavity from 15 keV down to 1.5 keV. 

According to simulations [10], a gyrotrino with an 

operating TE6.2 mode, a voltage of 1.5-1.8 kV, a cur-

rent of 200 mA, a pitch factor of 1.2 and a small cavi-

ty length can provide a power up to 15 W at the fre-

quency of 0.264 THz with a required magnetic field 

about of 9.42 T (Fig. 3b). Since the gyrotron cavity is 

very close to the sample, a short transmission line is 

needed, that reduces the radiation losses and decreases 

a required THz power. A magnetic field disturbance 

induced by the low-voltage electron beam at the sam- 

 

 

 
Fig. 3. a) Gyrotrino in cryomagnet of NMR spectrometer; b) 

calculated power vs. magnetic field for 1.5 kV / 200 mA 

(solid line) and 2 kV / 150 mA (dotted). Lines 1 and 2 show 

two regimes of gyrotron-DNP frequency matching. 

ple is about of 10
-8

 and can be neglected. To save a 

limited space in the uniform magnetic field region, the 

radiation output from the gyrotron cavity can be di-

rected toward the electron gun (Fig. 3a). Due to lack 

of space, the electron beam is to be collected in a 

cavity cut-off narrowing in a strong field [10]. 

The gyrotrino project was supported by Russian 

Science Foundation under grant No. 16-12-10445. 

Authors are grateful to M.Yu. Glyavin, A.P. Fokin, 
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Abstract 

The design of the large-aperture variable-period 

undulator (VPU) developed for the Novosibirsk free 

electron laser (FEL) is shortly described. High 

amplitude of on-axis field is achieved due to the arc 

shape of the magnet blocks and poles of the undulator. 

To conduct magnetic measurements and fine tuning of 

the undulator as well as to perform real time position 

tracking of magnet blocks, pulsed wire technique was 

adopted. 

Introduction 

A permanent magnet variable-period undulator 

with large (1.4) ratio of the aperture to the minimum 

period and possibility to change the number of poles 

was designed to upgrade the first stage FEL of the 

Novosibirsk FEL facility. The Novosibirsk FEL is a 

source of radiation in the THz range. The new 

undulator will replace the existing insertion device 

section which consists of two 4-meter-long undulators 

and the three-pole buncher. That will shift long-wave 

border of the tuning range from 200 𝜇m to 450 𝜇m. A 

comparison of parameters of former and new 

undulators is given in the following table:   

Parameter EM undulators VPU 

Period, cm 12 10 – 16 

Gap (inner diameter), cm 8 14 

Number of periods 232 50 – 80 

Radiation wavelength, µm 90 – 240 82 – 450 

Deflection parameter 0 – 1.1 0.45 – 1.9 

Full length, cm 2x400 860 

 

The idea of a VPU with free moving poles was 

proposed in [1]. At the minimum period lumin, the 

developed undulator is a conventional hybrid device 

with neodymium magnets and poles made of soft steel 

with large permeability. All poles in the undulator are 

split into halves, and so the undulator is two arrays 

(upper and lower) of separate removable blocks. Each 

block is lumin/2 long and consists of a magnet embraced 

by two pole halves and the whole structure is set in an 

aluminum frame. The pairs of blocks in upper and 

lower arrays are connected and placed on a carriage 

that can move freely along the undulator, see Fig. 1. 

Adjacent magnets in an array always have antiparallel 

longitudinal magnetizations, so they experience strong 

repulsion from each other. Due to repulsion force and 

the low-friction between guide rail and carriages, the 

undulator period can be changed via shifting the 

terminal blocks. This procedure, which changes the 

overall length of the undulator, is performed by pushers 

that can be remotely controlled. More details about 

similar undulator can be found in [2]. 

 
Fig. 1. Front view of the undulator 

Obviously blocks in the undulator can create 

inhomogeneous distribution which may lead to phase 

errors between the radiation field and the electron 

transverse motion. The construction of the undulator 

provides possibility to make in situ measurements of 

magnetic field distribution in real time to monitor 

blocks’ position errors and calculate the radiation 

spectrum via pulsed wire method. Slot for the stretched 

wire in undulator block is shown in Fig. 1. 

The pulsed wire technique for magnetic 

measurements was proposed in [3] and since then it has 

been used for measurements of field when undulator 

gap cannot fit the support of the Hall probe or to speed-

up the tuning of the undulator [4]. This method allows 

several measurements per second, thus it would 

significantly reduce the time of magnetic investigation 

of the developed 8.6 meters long VPU for the first FEL 

of Novosibirsk FEL facility. 

Measurement system 

The basic components of the measurement setup 

are a wire stretched along the axis of investigated 

magnetic field, a current pulse generator and a detector 

of the wire displacement. When current is passing 

through the wire it interacts with the magnetic field. 

Flexural waves that travel through the wire towards 

detector contain information about transverse field 

profile in the region of interest. 

Theoretical analysis of this technique is presented 

in [5] where the stretched wire is treated as a thin rod 

in order to take dispersion into account. The expression 

for wire displacement at the detector position z = 0  
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reads: 

𝑥(0, 𝑡) =
1

2√µ𝑇
* 

∗ ∫ 𝐼(𝑡 − 𝑡′)
𝑡

𝑡−𝜏 ∫ 𝐵𝑒𝑓𝑓(𝑧)𝑑𝑧
𝑣0𝑡

′

0
𝑑𝑡′, (1) 

where µ is the mass per unit length of the wire, T is the 

tension in the wire, τ is current pulse duration, 𝑣0 is 

√𝑇 µ⁄  and Beff is defined by the following expression: 

𝐵𝑒𝑓𝑓(𝑧) = ∫ 𝐴(𝑘)𝑒
−𝑖

𝜔(𝑘)

𝑣0
𝑧
𝑑𝑘

∞

−∞
,  (2) 

where A(k) is the Fourier transform of the magnetic 

field in the path of the current and ω(k) is the dispersion 

relations for the flexural waves in the wire [5]. Using 

above expressions one can correct effects of 

dispersion, current pulse form averaging and restore 

the magnetic field distribution from the data obtained 

by the detector. 

An experimental setup was constructed in order to 

adopt the technique. A beryllium copper wire with a 

diameter of 200 µm and length of 10 m was stretched 

by applying tension close to yield point. A capacitor 

based current pulse generator can generate pulses with 

duration of 50 µs and amplitude of 10 A. A homemade 

optocoupler is used as the wire position detector, it is 

based on fd-24k photodiode and provide 0.14 mV/µm 

gradient. Since the size of the undulator do not allow 

avoiding intersection of the main signal and reflections 

by elongation of the wire and the period of the 

undulator can be changed during operation of the FEL 

it was decided to use dampers based on oil drops, see 

[6], placed on the ridges of an automated pantograph. 

Several trial launches of the system were 

performed, see example in Fig. 2. 

 
Fig. 2. Test measurement 

The field distribution was reconstructed from the 

measured first integral data by differentiating, no filter 

was applied. 

Discussion and conclusion 

The described experimental setup is under active 

development now. Test measurements of reference 

magnet and VPU short prototype were conducted, see 

Fig. 2, and obtained results indicate that detector 

sensitivity should be improved in order to obtain larger 

signal to noise ratio.  

The task to commission a pulsed wire 

measurements setup over 10 m long has not been 

challenged yet. It is yet to be determined whether 

complete compensation of signal distortion effects e.g. 

wire sagging influence, attenuation and dispersion is 

possible during postprocessing. Alternatively, 

complementary components, like wire supports and 

additional detector, could be applied to minimize the 

influence of distortion effects. 

Currently authors attempt to increase the 

sensitivity of the detector and suppress impact from 

external noises in order to acquire clean data. 
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Subterahertz gyrotrons are promising for 

application in different fields of science and 

technology, like spectroscopy [1], media diagnostics 

[2] and materials processing [3]. Many of the 

application require the possibility of precise 

frequency tuning or stabilization. In this paper we 

present the experimental investigation of different 

ways of frequency control in medium-power 

continuous-wave gyrotrons carried out in the Institute 

of Applied Physics RAS. The capabilities and 

limitations of different methods are presented. 

Magnetic field variation 

The magnetic field variation provides the biggest 

range of frequency tuning. Excitation of different 

transverse modes with close caustic radius enables 

step frequency tuning in range up to 200 GHz [4]. The 

fine frequency tuning with band of up to 6 % of 

carrier frequency can be obtained by consequent 

excitation of high-order longitudinal modes. It is 

possible due to the use of a short cavity with low Q-

factor and operation at low transverse modes in order 

to increase the electron-wave coupling. The proof of 

concept experiment on low frequency (using the 

12 GHz gyrotron setup) demonstrated the 4% tuning 

band without any special optimization of the system 

(see Fig. 1). Based on this concept the project of the 

200 GHz gyrotron with 1 kW output power and 10 

GHz band was developed [5].  

 

 
Fig. 1 The gyrotron output power and frequency vs. 

magnetic field 

The frequency tuning speed of such method is 

limited by the parameters of the cryomagnets, mainly 

the maximum current variation rates, which are less 

than 0.1% of maximum field per minute. The possible 

solution is to apply the additional coil either in the 

cathode region or at the cavity. The latter approach 

was tested and demonstrated the possibility of 

operating mode switching with sweeping frequency 

up to 2 kHz. The same method can be applied for fast 

power modulation with frequency up to 10 kHz 

(Fig. 2), which is limited by auxiliary coil inductance 

and alternating filed screening [6]. 

 
Fig. 2 Oscillograms of auxiliary coil current (top) and 

gyrotron output power (bottom) 

Cavity temperature variation 

In the recent experiments, the possibility of 

tuning the frequency of the 0.26 THz gyrotron [7] by 

more than 1 GHz was demonstrated by the 

simultaneous changing of the magnetic field of the 

main solenoid and the temperature of the cavity 

coolant. The measured frequency sensitivity of 
4 MHz/°C allowed to tune the frequency in more than 

200 MHz range and close the power gap between 

different longitudinal modes (Fig. 3). 

 
Fig. 3. Output power vs. frequency for different cavity 

coolant temperatures 

Voltage variation 

The fastest way of frequency control is the variation 

of the voltage at one of the electrodes of the 

magnetron-injection gun or the potential of the 

gyrotron cavity [8, 9]. The modulation of cathode 

voltage requires complex and expensive power 

supply; the speed of cavity voltage variation is limited 
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by big capacitance, so the most effective way of 

frequency control is the anode voltage variation. 

For this purpose, the special control unit was 

developed, that allowed voltage variation in range of 

1 kV with speed more than 1 kV/µs. The control 

system based on this unit opened up the possibility of 

frequency tuning in 20 to 50 MHz range with up to 

200 kHz modulation frequency. Application of the 

system for frequency stabilization by phase-lock loop 

against reference oscillator allowed to achieve the 

spectrum width of the gyrotron radiation of 1 Hz [10]. 

 
Fig. 4. Radiation frequency of a gyrotron vs. anode voltage 

External signal and reflections 

The presence of external signal or the power 

reflected from the load can be used for power and 

frequency control [11]. Experiments on influence of 

the signal, reflected from distant non-resonant load 

[12] show the possibility of frequency stabilization, 

while proof of concept experiments with mobile 

reflector demonstrate the means of slow power and 

frequency control (Fig. 5) 

 
Fig. 5. Output power and frequency vs. distance to the non-

resonant reflector 

Conclusion 

The IAP RAS gyrotron research team developed and 

tested a number of approaches to frequency control in 

sub-THz gyrotrons, including excitation of high-order 

longitudinal modes, cavity temperature sweeping, 

anode voltage variation and use of reflections. 

Beyond the scope of this work are mechanical means 

of frequency tuning, for example [13], which are 

surely promising, but their use in sub-THz frequency 

range is limited by the precision requirements. 

Investigated approaches open up new prospects 

for the successful development of new medium power 

THz band gyrotrons with unique capabilities for 

modern applications 

The work was supported by Russian Foundation 

for Basic Research grant № 17-02-00183 
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Electromagnetic oscillations and waves of the te-

rahertz band have some important preferences com-

pared with their neighbors. But lack of power coher-

ent sources impedes wide application of these waves 

in radar and telecommunication systems. 

Amplifier klystrons due to their high efficiency 

and relatively small dimensions are considered as one 

of the most perspective power sources of submillime-

ter and terahertz radiation. For example, the CPI Inc. 

(Canada) produces a number of Extented Interaction 

Klystrons (EIK) with working frequencies from 94 to 

280 GHz and output pulse power from 3 to 0.03 kW 

[1]. In Russia, the “Svetlana” JSC produces the 8-mm 

wavelength amplifier klystron with output power 6 

kW. 

In spite of these advances, design and manufac-

turing of terahertz amplifier klystrons encounter a 

number of serious problems, namely: 

 Very high current density of the electron beam; 

 High cathode current density; 

 Low cavities impedance; 

 Small gap length and consequently little thresh-

old voltage. 

 Small collector area and dissipated heat. 

To overcome these problems some techniques 

were proposed [2]. Among them are using of extend-

ed interaction (multigap) cavities, sheet electron 

beams and cathodes with high current density. But to 

obtain desirable effect the designer have to choose 

thoroughly the main device parameters starting from 

project input data. 

The main input data for amplifier klystron design 

are its working frequency f0, output power Pout, band-

width f and amplification factor G. Basing on these 

data, the designer have to estimate device efficiency 

, which can change from 10 to 80 %.  The more is 

working frequency and bandwidth, the less is effi-

ciency. 

When efficiency is estimated, one can calculate 

electron beam current I0=Pout/(U0), where U0 – ac-

celerating voltage. Increasing of the voltage leads to 

decreasing beam current density, increasing gap 

length and optimal value of the cavity R/Q ratio. As a 

rule, such values cannot be achieved in a single gap 

cavity, so multigap cavities have to be used. Besides, 

one has to use complicated power sources. 

Decreasing accelerating voltage, vice verse, de-

crease demanding R/Q ratio, but increases beam cur-

rent. Large magnetic field is needed to transfer such 

beam throw the interaction region. And cathodes with 

high current density have to be used.  

The efficient way to overcome these difficulties is 

using a sheet electron beam. With a given beam cur-

rent a sheet beam with cross-section wd has current 

density approximately w/d times less than a pencil 

beam with diameter d. But, cavities designed for in-

teraction with a sheet beam have R/Q ratio much less 

than cavities for a pencil beam. 

The mentioned considerations were taken into ac-

count in the project of 95 Ghz high power klystron 

proposed by the “Svetlana-Electronpribor” JSC in 

collaboration with LETI.  The pulsed output power of 

the device is no less than 1 kW, relative bandwidth 

1% and amplification factor 45 dB. After examin-

ing parameters of the existing devices, efficiency of 

the klystron was set at 10 % level. It is rather low val-

ue, but taking in account possible manufacturing dif-

ficulties, this value seems reasonable. 

The accelerating voltage was set to 10 kV, which 

is rather low compared with, for example, CPI EIKs 

with  U0=20…25 kV. Chosen value helps us to design 

klystron cavities and obtain demanded bandwidth. 

The beam current in our case have to be 1 A. A pencil 

beam with such current has current density more than 

5 Ka/cm2, which is unreal, so we chose sheet current 

with 10.1 mm2 cross-section.   

Three-gaps cavities composed from a section of 

wide comb slow wave system were chosen as an input 

and idle resonators and four-gaps cavity of the same 

type – as an output resonator. The working mode of 

the all cavities is 2π because this mode well separated 

from the neighboring ones and has positive electron 

load, preventing self-oscillations.  

To find optimal cavities configuration we used 

computer simulation code RFS [3], based on vector 

finite element method. Calculated cavity parameters 

are given in the table, where eigenfrequency f0, Q-

factor, R/Q ratio, interaction factor M and relative 

electron load Ge/G0 are listed.  

Fig. 1 shows the computer cavity models with 

main dimensions. Input and output cavities are cou-

pled with waveguides by slots in their sidewall. Ce-

ramic rods are used for cavity tuning (not shown on 

Fig. 1).  

Fig. 1. Computer models of the input cavity (left) and out-

put cavity with waveguide (right).  

Cavity 

type 

f0, GHz Q0 R/Q, 

Ohm 

M Ger 

Input & 

idle 

94.3667 1120 83.1 0.654 0.3 

Output 95.0617 1310 112 0.65 0.2 
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 2 

 Input and output cavities frequency charts are 

shown on Fig. 2 for beam current 0.8 A and accelerat-

ing voltage 10 kV.  As can be seen, the output cavity 

coupling slot provides bandwidth about 1 GHz, i. e. 

almost 1 %. 

The figure captions should be set in 9 pt with a 

9 pt spacing after the paragraph. The caption should 

start with the figure number in boldface. If there is 

only one line in the caption, it should be centered, 

otherwise it should be justified. There should be no 

period at the end of the caption.  

 
Fig. 2. Input (a) and output (b) cavities frequency charts.  

The model of the klystron interaction region is 

shown on Fig. 3. The model contains 6 cavities, their 

eigen frequencies were tuned according to the skirtron 

scheme, where eigen frequencies of all intermediate 

(idle) cavities are higher than f0. Input cavity eigen 

frequency is lower than f0, and output cavity frequen-

cy is equal to f0. Electron gun, collector and magnetic 

focusing system are not shown. 

  
Fig. 3. Model of the klystron interaction region.  

Field-particle interaction was modeled by Parti-

cle-in-Cell (PIC) method. Total number of particles in 

the interaction region was 26500, simulation time 15 

ns, which was sufficient to reach stationary regime. 

Fig. 4. Shows calculated amplitude chart of the klys-

tron at the central frequency. Klystron amplification 

factor changes from 60 dB for small signal regime to 

nearly 50 dB for the saturation point. These values are 

greater than targeted one. 

Output power as a function of frequency at the 

input power level 8 mW is depicted on Fig. 5. The -3 

dB bandwidth is 380 MHz, which is somewhat less 

than needed, but we hope that implementation of out-

put filter circuit would give 500 MHz, or 0.5 % from 

carrying frequency. A     

  

Fig. 4. Output power (1) and amplification factor (2) vs 

input power 

The project confirmed the possibility of design and 

manufacturing 3-millimeter wavelength power klys-

tron, using existing technological equipment.   

Fig. 5. Output power vs frequency 
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One of the most promising applications of novel 

gyrotrons is a high resolution spectroscopy [1]. For 

this goal, scientific society needs sources with rather 

low microwave power (typically, from 10W up to 1 

KW) and frequencies 0.3-1.0 THz or even more. For 

the consumer, low operating voltage is preferable. 

Such frequency range can be obtained mainly at the 

second or even third cyclotron harmonic due to pre-

sent cryomagnets limitations. Same time with fre-

quency value, frequency tunability is very important 

for spectroscopy applications. It is a well known, that 

in a "short" cavity with a reduced length of homoge-

neous section (and, correspondently, lower Q-factor) 

tuning range becomes bigger. Unfortunately, decreas-

ing of cavity length proportionally reduce the normal-

ized length of the interaction space and, finally, push 

down gyrotron efficiency. Efficiency can be restored 

or even increase by rise of the electron pitch-factor g 

(ratio of gyration and longitudinal velocities) from 

1.1-1.3 (at present tube) to 1.7-2.0. But in such case 

increase a number of electrons, reflected from the 

magnetic mirror (fig.1), that causes the beam instabili-

ties. Suppression of  this effect is possible by decreas-

ing of the life-time of trapped electrons [2]. An effec-

tive way to eject trapped electrons is to install on the 

second anode in the triode gun the longitudinal ribs 

(fig.2).  

 
Fig. 1. The reflection of electrons from a magnetic mirror 

The principle of extraction in a such gun is based on 

the particle drift in the crossed electric and magnetic 

fields. In traditional configuration of the above men-

tioned electron-optic system, such ribs intercept not 

only reflected particles, but also essential part of the 

primary electron beam, passed from the cathode to the 

cavity. To combine the small intersection of the pri-

mary beam with quick (during 1-2 longitudinal oscil-

lations in the trap) catch of trapped electrons it is nec-

essary to use the sectioned cathode, where emission 

takes place only from some sections spaced apart 

from azimuth angle, and/or special complex geometry 

of the ribs.  

Fig. 2. The longitudinal ribs in the triode gun 

In the report the preliminary geometry estima-

tions of the sectioned electron-optic system are per-

formed, including the profile and position of the ribs. 

Two versions of electron-optic system for low-voltage 

(16-20 kV) gyrotrons operating at the frequencies 10 

GHz and 300 GHz are considered. The numerical 

simulation of both systems is performed. The possi-

bility to catch the trapped electrons during first 1-2 

longitudinal oscillations in the trap is shown. Same 

time reasonable thermal load on the longitudinal ribs 

is obtained, good enough for CW operation. So, pro-

posed system looks promising for the formation of the 

stable helical electron beam and looks reasonable for 

future gyrotrons for spectroscopy applications. 

The reported study was funded by RFBR accord-

ing to the research project № 18-32-00142 
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Next stage of the development of controlled nu-

clear fusion systems after the ITER project in accord-

ance with the European Fusion Roadmap [1] is a 

demonstrational reactor DEMO, which should be the 

first thermonuclear reactor generating electrical ener-

gy. The parameters of the gyrotrons in the electron 

cyclotron heating system of the plasma of this reactor 

are not yet definitively specified, but frequencies of 

about 230-250 GHz and power up to 2 MW are dis-

cussed with an efficiency of more than 60% (full effi-

ciency with energy recovery). 

At present, most of the participants of the ITER 

project, which are involved in creating electron-

cyclotron plasma heating systems, have already begun 

developing prototypes of radiation sources that meet 

the requirements of the DEMO project [2]. In the In-

stitute of Applied Physics and Gycom Ltd. for these 

purposes, a prototype gyrotron with a frequency of 

250 GHz and a radiation power of up to 200 kW in 

continuous mode was designed and tested (see fig. 1), 

intended for use in advanced fusion installations. 

 
Fig. 1. Photo of the gyrotron in the cryomagnet. 

The main factor limiting the output power in gyro-

trons for plasma heating is the limitation of thermal 

loads on the cavity. Therefore, to increase the output 

power, it is necessary to increase the dimensions of 

the interaction space and use high-order modes. How-

ever, for the prototype gyrotron with an operating 

frequency of 250 GHz, the maximum size of the reso-

nator and the electron-optical system was limited by 

the magnetic system. To generate the cyclotron fre-

quency at the first harmonic, a magnetic field of more 

than 9.5 T is required, which is available in the cry-

omagnet at the IAP RAS, which has a warm bore of 

100 mm in diameter. The warm bore diameter deter-

mined the dimensions of the electronic optics and 

cavity taking into account the technical requirements 

for cooling systems. 

As a result, to ensure stable generation at the se-

lected frequency, the TE19.8 mode was selected as the 

working mode with a cavity radius of 9.34 mm. 

 Investigation of the coupling factors of the elec-

tron beam with the modes of the cylindrical cavity 

made it possible to determine the optimum radius of 

the electron beam in the cavity, which simultaneously 

provides both a large coupling coefficient with the 

working mode and the smallest coupling with parasit-

ic modes. Due to the close coupling factors of the 

working mode TE19.8 and the parasitic modes TE18.8 

and TE20.8, the optimal radius of the electron beam is 

Rbeam = 3.93 mm, which differs slightly from the radi-

us of maximum coupling coefficient with the working 

mode Ropt = 3.85 mm. 

To ensure the effective interaction of the electron 

beam with the high-frequency field, the cavity length 

was optimized. The choice of length is determined by 

the compromise between the increase in the efficiency 

of the interaction of electrons with the RF field and 

the limitation of ohmic losses in the walls of the cavi-

ty (see Fig. 2). As a result of modeling, the length of 

the homogeneous section was chosen to be L = 10 

mm. 

 

 

Fig. 2. Dependence of the efficiency and the density of 

ohmic losses on the length of a homogeneous part of the 

cavity 
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The calculated parameters of the developed gyro-

tron are given in the following table. 

Main parameters of the gyrotron 

Operating frequency, GHz 250 

Operating mode ТЕ19,8 

Cyclotron harmonic 1 

Accelerating voltage U0 55 kV 

Depressed collector potential 30 kV 

Magnetic field in the cavity 9.6-9.7 T 

Beam current (nominal in CW mode) 12 A 

Beam current (pulsed mode) 20 A 

Cavity radius 9.34 mm 

Cavity length (homogeneous part) 10 mm 

Beam radius inside cavity 3.93  mm 

Pitch factor, not less than 1.1 

 

The tube is equipped with an internal quasi-

optical wave beam converter which provides a trans-

formation of the operating mode into a Gaussian 

TEM00 beam and couples it radially to the vacuum 

window. The converter consists of a shaped wave-

guide, a quadratic mirror, four flat mirrors, and a syn-

thesized mirror, which allows directing the wave 

beam in the output window. 

The first experimental tests of the developed gy-

rotron were carried out at the IAP RAS on a high-

frequency gyrotron setup equipped with a dry cry-

omagnet Jastec JMTD10T100 with a warm bore of 

100 mm in diameter and a magnetic field of up to 10 

T. Due to the limitations of the power sources existing 

in the IAP RAS, the first experiments were carried out 

in a pulsed mode. For this tests a removable BN out-

put window with a diameter of 66 mm was manufac-

tured and installed. The thickness of the window was 

chosen to be about 3.1 mm in order to minimize the 

reflections at the operating frequency of 250 GHz. 

The pulse duration in the experiment was 20-40 μs 

with a repetition frequency of 10 Hz. The power was 

measured with a water calorimetric dummy load 

equipped with thermal sensors in the inlet and outlet 

nozzles, the calibration was carried out with a heater 

in the circuit of a calorimeter with a known power of 

100 W. The output power of the gyrotron was calcu-

lated on the basis of the measurement of the steady-

state average power in the pulsed mode, taking into 

account the duty cycle of 2500. 

The frequency of the output radiation was meas-

ured using a resonant-cavity wave meter. The regis-

tered value of 249.74 GHz has been obtained at the 

following operating parameters: accelerating (cath-

ode) voltage U0 = 55 kV, beam current Ib = 12.5 A, 

and magnetic field B = 9.625 T. These results are in 

agreement with the simulation data. 

Reduction of the thermal load on the resonator 

during operation in the pulsed mode made it possible 

to test gyrotron with parameters exceeding the nomi-

nal design values. Thus, with an increase in the elec-

tron beam current, it was possible to reach a power of 

330 kW at a beam current of 20 A and an accelerating 

voltage of 55 kV. The obtained experimental results 

are shown in Figures 3 and 4. 

 
Fig. 3. Dependence of the output power and efficiency on 

the beam current, U0 = 55 kV. 

 

Fig. 4. Dependence of the output power and efficiency on 

the accelerating voltage, Ib = 12.5 A. 

Measurements of the transverse distribution of the 

microwave beam formed by the built-in quasi-optical 

gyrotron converter were made, and the content of the 

TEM00 wave (Gaussian beam) was estimated. The 

measurement was performed according to the thermal 

imaging technique [3] in several cross sections during 

the propagation of a wave beam. As the analysis 

showed, the content of a Gaussian wave beam in the 

reconstructed wave beam is 98.6%. 

 

Thus, the tested 250-GHz gyrotron showed output 

parameters close to the calculated ones: the power of 

220 kW at a beam current of 12.5 A (corresponds to 

the beam current in a continuous mode) and 330 kW 

at a beam current of 20 A. The generation efficiency 

was about 30% (without energy recovery), the content 

of the TEM00 wave in the output beam is 98.6%. 

 

This work was supported by Russian scientific 

fund, grant 14-12-00887. 
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At present, the question of creating generators of 
subTHz and THz ranges based on Bi2Sr2CaCu2O8+x 
(BSCCO) mesastructures is of great interest [1]. 
BSCCO is a high-temperature superconductor with 
strong anisotropy, which leads to the appearance of an 
internal Josephson effect [2]. In other words, CuO 
layers represent a series of Josephson chains formed 
on an atomic scale. The first success in observing of 
electromagnetic radiation from BSCCO structures 
was achieved in 2007 [3]. The observed radiation had 
a power of the order of 0.5 μW and a frequency up to 
0.85 THz. Since that time the radiation power has 
been increased to a value of hundreds of microwatts 
[4]. These achievements make it possible to use 
BSCCO mesostructures as sources for noise spectros-
copy [5, 6]. 

In our group the technology of electrolytic build-
up of a BSCCO/Cu heterostructures is worked out, 
representing copper covering over a thin layer of gold, 
that allows to get rigid single BSCCO mesastructures 
with a good heatsink. To obtain the described sam-
ples, we used a BSCCO single crystal, fabricated at 
ISSP RAS, of several microns thick with lateral di-
mensions of several millimeters. On one of its surfac-
es, a layer of 50 nm thick gold was deposited by 
thermal deposition. After this a layer of copper with 
thickness of about 30 microns was electrolytically 
built up on top of the gold layer. Then a layer of 50 
nm thick gold was deposited on BSSCO second sur-
face by thermal deposition. After that, using the origi-
nal method of fast chemical etching [7], developed in 
our team, the cylindrical single mesastructures were 
fabricated. The obtained sample was glued to the cop-
per holder, Fig. 1, after which it is taped to the contact 
pads and installed in a cryostat. 

 

 
Fig. 1. Photo of the mesas connected by wires. Inset: Sche-

matic view of the Si substrate with BSCCO sample, at-
tached to the copper holder  

To measure the radiated power, the room temper-
ature detector (Golay cell) together with the horn and 
infrared filters were used, Fig. 2. Although the ob-
tained samples were not intended for effective power 
radiation, since antennas and lenses were not sup-
posed, the level of the expected signal was sufficient. 
The calculated diagram had maxima at 45° from the 
plane and only a small amount of radiation was de-
tected outside the cryostat window with the holder 
parallel to the cryostat plate. 

 
Fig. 2. Schematic of the experimental setup 

In Fig. 3 the current-voltage characteristic of 
BSCCO mesa is presented, forward and backward 
branches are measured. The shape of the curve indi-
cates the presence of Josephson generation in the 
structure. On the forward branch there are transitions 
from the superconducting state to the resistive one 
both of the individual junctions of the layered super-
conductor and of the entire structure. On the back-
ward branch there is an area of negative differential 
resistance, which indicates the presence of a "hot 
spot" inside the mesastructure, the heating region of 
the structure, which is the channel for synchronization 
of electromagnetic waves in the superconductor-
insulator-superconductor layers. 

 
Fig. 3. The voltage and received power                                           

as a function of bias current 

As a result, the statistics of the obtained structures 
were processed, and the characteristics of the samples 
were compared with the world level. Thus, the critical 
current density of the obtained samples Jc = 30 - 70 
A/cm2 is close to the literature data Jc = 80-250 
A/cm2. The gap voltage in terms of one junction Vg = 

Cu substrate 
Si substrate 

Cu plate 
BSCCO 

I+ 
V+ 

I- 
V- 
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0.6 - 0.7 mV is also close to the literature data Vg = 1 - 
1.4 mV.  

Experiments on detecting the radiation from 
BSCCO sample allow to obtain a signal of the order 
0.05–0.08 μW. Radiation was observed at the plate 
temperature of 18 K when the substrate was attached 
to a copper holder by a rubber glue. Conversely, when 
the substrate was attached by indium, no radiation 
was observed, presumably due to a too-low holder 
temperature at a better heat sink or not enough over-
heating due to a too-efficient heat sink. 

 
Fig. 4. Photo of BSCCO  single crystal fabricated by 

Bridgman technique 

Recently, first BSCCO single crystal samples have 
been fabricated at IPM RAS by Bridgman technique, 
having a plain surface of order 3 by 10 mm, see Fig. 
4. The samples have been measured in a cryostat and 
critical temperature of 84K has been achieved for 
oxigen annealed samples, see Fig. 5. Currently, new 
BSCCO single mesas with Cu sublayer from these 
single crystals are under fabrication. 

Fig. 5. Measurement of BSCCO single crystal critical tem-
perature 

In conclusion, we report on the progress of the 
wet etching method for the fabrication of BSCCO 
mesastructures, making it possible to obtain samples 
with a large thickness on the order of 1-15 μm. The 
current-voltage curves of BSCCO mesas are meas-
ured at different plate temperatures and there is a sig-
nificant dependence on the thermal interface. It is 
possible to determine the power (of the order of 0.1 
μW) outside the cryostat by a room temperature de-
tector. BSCCO single crystals, having critical temper-
ature of 84K were fabricated by Bridgman technique. 

The work is supported by RSF (project 16-19-
10478). 

References 
1. Welp, U., Kadowaki, K., Kleiner, R., Superconduct-

ing emitters of THz radiation // Nat. Photonics. 2013, Vol. 
7, pp. 702 

2. Kleiner R.,, Steinmeyer, F., Kunkel G., Mueller P., 
Intrinsic Josephson effects in Bi2Sr2CaCu2O8 single crys-
tals  // Phys. Rev. Lett. 1992, Vol. 68, p. 2394. 

3. Ozyuzer, L., Koshelev, A.E., Kurter, C., Gopalsami, 
N., et al Emission of Coherent THz Radiation from Super-
conductors // Science 318, 2007, p. 1291. 

4. Yamaki, K., Tsujimoto, M., Yamamoto, T., Furuka-
wa, A., Kashiwagi, T., Minami, H., Kadowaki, K., High-
power terahertz electromagnetic wave emission from high-T 
c superconducting Bi2Sr2CaCu2O8+δ mesa structures //  
Opt. Express. 2011. Vol. 19, P. 3193. 

5. Revin, L.S., Vaks, V.L., Koshelets, V.P., Wang, H., // 
EPJ Web of Conferences. 2017, Vol. 132, P. 03042.  

6. Sobakinskàya, E.A., Vax, V.L., Kinev, N.V., 
Koshelets, V.P., Wang, H., // Proc. 1st Russian Microwave 
Conf. 2013, p. 1015. 

7. Vopilkin E.A., Chiginev A.V., Revin L.S., Tropanova 
A.N., Shuleshova I.Yu., Okhapkin A.I., Shovkun A.D., 
Kulakov A.B., Pankratov A.L., Quick and reliable technolo-
gy for fabrication of stand-alone BSCCO mesas, // 
Supercond. Sci. Technol. 2015, Vol. 28, P. 045006. 

 

 2 
..

37



Development of powerful long-pulse Bragg FELs operating 

from sub-THz to THz bands based on linear induction accelerators: 

recent results and projects 

N.Yu. Peskov
1
, N.S. Ginzburg

1
, A.M. Malkin

1
, A.S. Sergeev

1
, V.Yu. Zaslavsky

1
, 

A.K. Kaminsky 
2
,  S.N. Sedykh 

2
, I.I. Golubev

2
, S.M. Golubykh

2
, A.P. Kozlov

2
, A.I. Sidorov

2
, 

A.V. Arzhannikov
3
, D.A. Nikiforov

3
, S.L. Sinitsky

3
, D.I. Skovorodin

3
 and A.A. Starostenko

3
 

1Institute of Applied Physics RAS, Nizhny Novgorod, Russia, peskov@appl.sci-nnov.ru 
2Joint Institute for Nuclear Research, Dubna, Russia, 

3Budker Institute of Nuclear Physics RAS, Novosibirsk, Russia 

Introduction 

To date, a series of successful experiments on the 

realization of powerful high-efficiency free-electron 

masers (FEMs) has been carried out in collaboration 

between JINR (Dubna) and IAP RAS (N.Novgorod) 

based on linac LIU-3000 0.8 MeV / 200 A / 250 ns. 

The use of high-selective Bragg resonators of new 

types allowed stable regime of narrow-band genera-

tion to be obtained in these experiments up to W-band 

at multi-MW powers [1, 2]. The radiation parameters 

achieved allows JINR-IAP FEM to be used in several 

applications including testing of components for high-

gradient accelerators, biology-medical studies, phys-

ics of nanoparticles, etc [3]. 

The aim of present work is advance of powerful 

long-pulse FELs into the THz frequencies. Such pro-

ject is initiated based on the linear induction accelera-

tors, which are developing in the BINP RAS (Novosi-

birsk) 5 - 20 MeV / 2 kA / 200 ns. In this paper, we 

discuss the basic parameters of such FELs and the 

results of their computer simulations. As a microwave 

system capable to provide stable narrow-band opera-

tion in strongly oversize interaction space in these 

FELs, we consider so-called advanced Bragg struc-

tures with the feedback loop involving propagating 

and quasi-cutoff waves (Fig. 1) [4, 5].  

JINR-IAP FEM operating from Ka- to W-band 

The JINR-IAP FEM is driven by induction linac 

LIU-3000 (JINR). A reversed guide magnetic field 

configuration is used in the FEM, which possesses 

low sensitivity to the initial beam spread and, as a 

result, provides high-efficiency interaction. For opera-

tion from Ka- to W-bands, helical wigglers having 

periods from 6 cm to 3 cm correspondingly were con-

structed. Enhance in amplitude of the transverse mag-

netic field in short-period wigglers alongside with 

refining its transverse homogeneity was achieved by 

optimization of the currents distribution in the wiggler 

winding. To improve the quality of helical electron 

beam formation at short wavelengths, the slowly up-

tapered wiggler entrance was optimized as well [2]. 

For operation in different parts of the millimeter 

wavelength band a series of combined two-mirror 

Bragg resonators, consisted from the up-stream high-

selective advanced Bragg reflector and down-stream 

weakly-reflecting conventional Bragg reflector 

(Fig.1a), was elaborated. Resonators of such type 
 

 
Fig. 1. Different schemes of Bragg resonators: (a) combined 

two-mirror resonator based on advanced and conventional 

Bragg reflectors of cylindrical geometry and (b) two-mirror 

resonator consisted from two advanced Bragg reflectors of 

planar geometry. The partial wave-fluxes in both reflectors 

are shown by the arrows. 

allow decrease in Ohmic losses associated with exci-

tation of the cut-off mode. For operation at 30 GHz, 

combined Bragg resonator was constructed with the 

oversized parameter Ø /λ ~ 2 and included advanced 

Bragg reflector with a feedback loop formed by two 

counter-propagating TE1,1 waves and cutoff TE1,2 

wave. Resonator for V-band (60 GHz) was composed 

with advanced up-stream Bragg reflector having feed-

back loop TE1,1 ↔ TM1,2 - cutoff ↔ TE1,1 at the over-

size parameter Ø/λ ~ 3. For W-band (80 GHz) ad-

vanced Bragg reflectors based on excitation of the 

feedback  cutoff wave of TE1,5 - type  were designed 

to provide an effective FEM operation at oversize 

parameter Ø/λ ~ 5 (Fig. 2). In accordance with the 3D 

simulations, effective narrow-band reflections were 

demonstrated in “cold” test of novel Bragg structures. 

In all resonators described above the reflection band 

in advanced Bragg structures was measured 0.5 -

 0.7 GHz with maximum power reflection up to 80 -

 90%, while the conventional structures had ~ 60% 

reflection in much broader band of 2.5 - 3 GHz. 

In the proof-of-principle experiments at LIU-

3000 a narrow-band operation of novel scheme of 

FEM-oscillators was obtained under design parame-

ters. At Ka-band, stable single-mode operation at the 

frequency of 30.2 GHz was observed in accordance 

with simulations. The output power amounted up to 

20 MW (efficiency about 15 - 20%) with the spectrum 

width of 6 - 7 MHz (measured by heterodyne tech-

nique) close to the theoretical limit (Fig. 3). 

In the experiments at V- and W-band, the radia-

tion spectrum was measured by means of cut-off fil-

ters set with the accuracy of about 1 GHz. Both FEM 

demonstrated the oscillation frequency belonging to 

the designed feedback loop of the hybrid resonator in 
 

conventional Bragg reflector 

 advanced Bragg reflector 

 advanced Bragg reflector 

 advanced Bragg reflector 
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Fig. 2. Results of 3D simulations (top) and “cold” tests of 

Bragg structures of different types at W-band. Frequency 

dependence of reflection of (a) advanced (ladv = 12 cm) and 

(b) conventional (lcon = 8 cm) reflectors. 

 
Fig. 3. Results of the JINR-IAP FEM experiments in W-

band. Typical oscilloscope traces of (1) beam current and (2) 

output RF-pulse (100 ns / div.). 

the vicinity of  59 GHz  and  80 GHz corresponding-

ly. In the resonators of optimal geometry the output 

power (measured by calorimeter) in both frequency 

regions amounted to 5 - 7 MW when the beam current 

was about 70 - 100 A (Fig. 3), which corresponded to 

the electron efficiency of up to 10 - 12%. 

Project of powerful Bragg FEL for THz-band 

Further increase of the radiation frequency in the 

JINR-IAP FEM is restricted by the wiggler period and 

electron beam energy. To advance FEL of this type 

into THz frequencies, it is attractive to exploit more 

powerful induction linac, which was elaborated cur-

rently at BINP RAS (the LIU-2 accelerator) [6]. This 

accelerator generates electron beam with the current 

of kA-level and energy of 2 - 5 MeV (with the possi-

bility to increase electrons energy up to 20 MeV). 

Based on this beam, we initiated new project of 

multi-MW long-pulse THz FEL. In fact, the use of the 

beam with specified particles energy allows realiza-

tion of the FEL in the range 1 - 10 THz using the 

wiggler of 3 - 6 cm period. For the realized beam cur-

rent of ~ 1 - 2 kA, the radiation power is estimated on 

the level of 10 - 100 MW even under the electron ef-

ficiency of 1 - 0.1% (which, obviously, would de-

crease with increase of the radiation frequency). 

Results of simulation of the FEL driven by 

5 MeV / 1 kA electron beam generated by the LIU - 2 

are presented in Fig. 4. This beam is focused by the 

guide magnetic field of ~ 0.15 T (in reversed configu-

ration) and operating transverse electron velocities in 

the beam are pumped by the wiggler having 4 cm 

spatial period. For this FEL-oscillator we consider 

two-mirror resonator consisting of advanced Bragg 

reflectors of planar geometry (Fig.1b). Simulations 

demonstrated that Bragg structures of such type 
 

 
Fig. 4. Results of simulations of THz-band FEL based on 

linac LIU-2 (BINP RAS). 

possess high reflectivity and ensure selectivity of the 

resonator for the transverse size (gap) up to 20 wave-

lengths. This size is sufficient for usage with the in-

tense relativistic electron beams. For operation at 

1 THz, we designed the resonator with 6 mm gap and 

the Bragg structures of 20 cm (up-stream) and 10 cm 

(down-stream) long having corrugation of the 0.3 mm 

period and 10 - 15 μm depth, a regular section of 50 -

 70 cm long between them. According to the simula-

tions, under design parameters the electron efficiency 

could achieve 2 - 3% and the output power reaches up 

to 50 - 100 MW. The Ohmic losses in this case do not 

exceed 25 - 30% from the radiated power. 

Summarizing, novel conception of powerful THz-

band Bragg FEL is developed. Original feature of this 

concept (in comparison with the others for now oper-

ating THz FEL) is the possibility to use electron 

beams with high-current (kA-level) and long-pulse 

(hundreds ns) duration. Such beams would allow 

achieving record levels of the radiation power of 

10 - 100 MW and pulse energy up to 10 J for the 

THz-band. Operability of key components of 

electrodynamic system for such FEL - advanced 

Bragg resonators - was demonstrated in the proof-of-

principle experiments up to W-band under oversized 

parameter Ø/λ ~ 5. 

This work is partially supported by the Russian 

Foundation for Basic Research (grant # 18-02-40009). 
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Generation of ultrashort electromagnetic pulses is 
of interest for many applications. A well-known 
method for obtaining such pulses is based on the 
compression of a frequency-modulated signal in a 
dispersive medium [1]. In principle, as such media, 
one can use regular waveguides. However, in this the 
frequency range optimal for compression is very close 
to the critical frequency, where the dispersion of the 
wave is most pronounced. This creates problems for 
ensuring matching in the operating band of the input 
chirped source. In [2,3] for solution of this problem, 
the compression in the helical waveguides is pro-
posed. But in high-frequencies band such systems are 
rather complicated for manufacturing. 

In this paper we suggest the two-stage scheme of 
generation of multi kilowatts subnanosecond micro-
wave pulses based on a gyrotron matching directly 
with a compression section in the form of a regular 
waveguide. It is well-known, that gyrotrons typically 
have a rather narrow band of frequency tuning (~0.1-
0.3%). However, as it was shown in [4], significant 
widening of the generation band in gyrotrons can be 
achieved with using of a shortened interaction space 
due to the weaker sensitivity to the velocity spread in 
the electron beam. The required frequency tuning of 
5% can be provided due to excitation of several axial 
modes.  

 

Fig. 1 Geometry of the interaction region. 
 
Further, results of particle-in-cell simulations of 

such a system are presented based on the KARAT 
code [5]. In Fig.1 the geometry of the interaction re-
gion is shown, where the first section with an electron 
beam corresponds to a gyrotron with rather short res-
onator, while the second one is the section of com-
pression. The Ohmoc losses were taken into account. 
The electron beam with the current of 2 A, excites the 
TE21 mode at the frequency of about 200 GHz.  the 
operating Due to variation of an accelerating voltage 
from 90 to 15 kV, the operating frequency of a 
gyrotron varies from 200 to 210 GHz in the pulse 
with a duration of 12 ns (Fig.2a). The radiation power 
at the output of a gyrotron doesn’t exceed 8 kW. In 

the second stage, the radiation is compressed in a reg-
ular waveguide connected directly to the gyrotron 
resonator. As a result, the output radiation represents 
the subnanosecond pulse with power of 80 kW. 
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Fig. 2. Evolution of the radiated pulse in the section of 
compression.   
 
This research was performed within the framework of 
the RFBR project No. 18-08-00717. 
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Studies of forbidden resonance transitions are 
among the most complicated and most interesting 
problems in molecular gas spectroscopy. Typical tran-
sitions of this type are quadrupole transitions. Such 
transitions should be found in the spectra of all mole-
cules, but currently only single vibrational-rotational 
lines of nonpolar molecules such as H2, N2, CO2, etc. 
can be detected. The intensity of quadrupole transi-
tions is very small. Therefore, an extraordinary sensi-
tivity of the spectrometers is required for their obser-
vation and analysis. Most part of the spectrometers 
detecting radiation transmitted through a gas or re-
emitted by a gas, have reached a sensitivity close to 
their theoretical limit. Only spectrometers using the 
method of radioacoustic detection of radiation absorp-
tion (RAD) by gases can provide a reserve of increas-
ing sensitivity due to an increase in the power of the 
probing radiation [1]. Implementation of this idea 
requires the development of a CW coherent frequen-
cy-tunable radiation source.  

In this paper, we discuss the possibility of devel-
oping powerful (>100 W) subterahertz gyrotron with 
frequency tuning band of about 3-5%, which is aimed 
to be used for RAD spectroscopy of quadrupole tran-
sitions of CO2 at the frequency of 163 GHz. As it was 
demonstrated in [2], significant widening of the gen-
eration band in gyrotrons can be achieved with using 
of a shortened interaction space due to the weaker 
sensitivity to the velocity spread in the electron beam. 
At the same time, the shortening of the resonator will 
require increasing the current of the gyrotron electron 
beam. However, the required current value can be 
substantially reduced by going to operation at low 
transverse modes due to the growth of the electron-
wave coupling coefficient. With a certain optimiza-
tion, such approaches can provide a sufficiently wide 
band of gyrotron generation. 

Further, results of PIC simulations are presented 
with using the KARAT code [3]. For 15 keV/0.4 A 
electron beam with pitch factor of 1 the TE13 mode, 
counter-rotating with electron motion in the guiding 
magnetic field, was chosen as an operating one. In 
Fig.1 the geometry of magnetron-injection gun (MIG) 
with above indicated parameters are presented. The 
gyrotron resonator was formed by a section of a circu-
lar waveguide bounded by a cutoff narrowing at the 
cathode end and a smooth widening at the collector 
end. The radius and the length of the regular part of 
resonator was 0.25 cm and 2.5 cm, correspondingly. 

The simulations evidence that for the velocity 
spread of 20% the radiation power exceeds 100 W in 
the entire frequency tuning band of 4.1 GHz (2.5%) 

(Fig.2). For magnetic fields from 5.87 to 6.35 T, 
stationary single-mode excitation of the operating 
TE13 mode takes place. For magnetic field values 
outside this region, the excitation of the parasitic 
transverse TE42 and TE32 modes occurs, which limits 
the further increase in the bandwidth. 

 

 
Fig. 1 Geometry of the MIG cathode part for a 163 GHz 
frequency-tunable gyrotron. 
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Fig. 2 Results of PIC simulations. Dependence of output 
power and operating frequency on the guiding magnetic 
field. 
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One of the promising schemes of high-power te-
rahertz radiation generators are gyrotrons with planar 
configuration of interaction space [1]. In such a con-
figuration, by reducing the distance between the 
plates of the cavity, it is possible to obtain a large 
current parameter sufficient for occurrence of rogue 
waves – ultrashort pulses with a peak power exceed-
ing the power of the unperturbed electron beam [2]. 

For description of rogue waves in gyrotron the 
self-consistent time-domain model was used: 
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where a(Z,) – normalized amplitude of the operating 
wave; Z, – normalized coordinate and time; p,|| – 
normalized particle moments, I0 – current parameter, 
 – initial mismatch between the wave cutoff fre-
quency, g – initial pitch-ratio. 

In simulations we assumed that the 300 GHz 
gyrotron excited by the planar electron beam with 
energy of about 200 keV, current density of about 
2 kA/cm and pitch-factor of about 1.0 at the lowest 
TE mode of the planar waveguide. With this parame-
ters the value of the dimensionless current parameter 
I01, which is which is enough for the radiation of 
rogue waves. 

All processes were analyzed over a time interval 
of several tens of nanoseconds, which corresponds to 
the typical pulse duration in electron guns based on 
explosive emission cathodes. Simulation showed that 
in a sufficiently wide range of magnetic fields in the 
system, it is possible to generate rogue waves with a 
peak power of several hundred megawatts (Fig.1). 
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Fig. 1. The time dependence of the output power for simula-
tion of planar gyrotron based on the averaged equations.

The obtained results have been confirmed by di-
rect PIC simulations at KARAT code [3]. In the simu-
lation, pulses of a duration of the order of 10 ps were 
obtained with a peak power reaching hundreds of 
megawatts (Fig.2a). The total width of the emission 
spectrum reached 150 GHz (Fig. 2b). 
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Fig. 2. Results of PIC simulation: (a) - a typical form of an 
rogue wave; (b) is the total spectrum of the output radiation. 
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1. Introduction 

Development of compact vacuum-tube millime-

ter- and THz-band sources with 10-100 W output 

power would have a great potential for numerous ap-

plications such as high-data-rate wireless communica-

tions, security, spectroscopy, biomedical applications, 

etc. Among the vacuum tubes, microfabricated ana-

logs of traveling-wave tube (TWT) amplifiers are the 

most promising. Over 50-W output power in G-band 

(0.22 THz) has recently been demonstrated [1,2]. 

Slow-wave structure (SWS) is a core part of a 

TWT serving to slow the electromagnetic wave down 

to the electron beam velocity. In this paper, we pre-

sent the results of recent studies aimed at modeling 

and development of medium power TWTs with vari-

ous SWS suitable for operation in millimeter and sub-

THz frequency bands. Different types of TWTs are 

considered, such as folded-waveguide TWT, TWTs 

with sheet electron beam and dual-grating SWS, and 

TWTs with planar meander-line SWS on a dielectric 

substrate. 

2. Folded-waveguide TWT 

TWT with folded-waveguide (FW) SWS has 

numerous advantages due to its high coupling 

impedance, reasonably wide (~30%) bandwidth, 

relatively simple structure compatible with existing 

microfabrication technologies, thermal and 

mechanical robustness, and simple input/output 

coupling. 

We designed and simulated FW TWTs operating 

at Q-band (38-54 GHz), V-band (48-90 GHz), and G-

band (175-275 GHz). Electromagnetic parameters of 

the SWSs were calculated by using ANSYS HFSS 

simlator. FW SWS circuits at Q- and V-band were 

fabricated using CNC-milling machine. In Fig. 1, a 

picture of the 50-pitch Q-band SWS with input/output 

couplers is shown. Сold-test electromagnetic meas-

urements of S-parameters of the circuits were per-

formed using Keysight Technologies PNA N5227A 

vector network analyzer. Good transmission charac-

teristics were measured. In particular, return loss 

(S11) is less than  dB and transmission loss (S21) 

is about  dB in the most part of the passband. Ex-

perimental measurements are in good agreement with 

numerical simulations using ANSYS HFSS. 

In addition, small-signal and large-signal gain re-

gimes of Q- and V-band FW TWT amplifiers driven 

by a 50-mA, 15-kV electron beam were simulated 

using the 1-D parametric code [3]. Parameters of the 

tubes were obtained, for which 30-40 dB small-signal 

gain and nearly 100 W saturated power are attained. 

 
Fig. 1. Photo of the Q-band folded-waveguide SWS sample. 

1 – folded waveguide; 2 – coax to waveguide adapters; 3 – 

electronic calibration module (ECal module) 

3. Sheet-beam TWT dual-grating SWS 

Using high-aspect-ratio sheet electron beams 

allows substantial reduce of current density and 

facilitates beam focusing and transportation in a 

narrow beam tunnel. In [3,4], we studied feasibility of 

a 0.2-THz sheet-beam TWT amplifier with a 

staggered grating SWS. An electron gun with a 

0.7×0.1 mm2 thermionic cathode producing intensive 

sheet electron beam with over 120 A/cm2 current 

density has been developed [3,4]. However, such a 

gun can operate only in a short-pulse mode with 10 us 

pulse duration and 2000 off-duty cycle. At the same 

time, the required focusing magnetic field is as high 

as 1.12 T. 

In order to overcome the problems mentioned 

above, we designed the electron-optic system (EOS) 

with a converging sheet electron beam having 10-

times compression in vertical direction using the 

method of synthesis described in [5]. This allows a 

significant reduce of the beam thickness as well as of 

the cathode load and focusing magnetic field (0.8 T). 

Schematic of the electron gun is presented in Fig. 2. 

The design was verified by 3-D simulation using LO-

RENTZ-3EM simulator [6]. The results are in a fairly 

good agreement, except that the beam thickness ob-

tained in 3-D analysis is somewhat higher than ex-

pected (~75 um) that can be attributed to thermal and 

angle spread of the emitted electrons. 

The gun was fabricated and up to 140-mA beam 

current was measured.  

..
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 2 

 
Fig. 2. Configuration of the gun electrodes, particle trajecto-

ries, and the magnetic field profile 

 

Fig. 3. Output power versus input power of the sheet-beam 

TWT at different frequencies 

Performance of the TWT with 0.1-A, 20-kV sheet 

beam and dual-grating SWS was simulated. Parame-

ters of the SWS were the same as in [3,4] except the 

beam tunnel height, which was reduced from 200 um 

to 150 um, owing to reduced beam thickness. This 

results in significant increase of the coupling imped-

ance and the gain factor. For the 40-mm-length TWT 

circuit, over 30-dB small-signal gain was observed in 

the simulations (instead of ~20 dB in [3]). In Fig. 3, 

output power versus input power at different frequen-

cies is plotted. Saturated power over 80 W is ob-

served, which is close to [3]. However, the saturation 

is attained at the input power about 0.1 W, which is 

nearly 10 times less than in [3]. 

4. TWT with planar microstrip meander-line SWS 

In order to reduce the tube size and dimensions, 

as well as the dc voltage, planar microstrip meander-

line SWS on dielectric substrates have been proposed. 

We fabricated SWS circuits in V- and W-band using 

the novel technology utilizing magnetron sputtering 

and laser ablation methods [7]. Several samples of V-

band and W-band meander SWS circuits on quartz 

substrates were fabricated. The strip thickness was 

increased up to 10 um that should increase robustness 

of the circuits. In Fig. 4, photo of the 50-pitch SWSs 

with matching elements at both ends is shown.  

Cold-test measurement of the electromagnetic pa-

rameters shows good transmission characteristics. 

Measured transmission loss of the structure did not 

exceed  dB.  

 
Fig. 4. Photo of the V- and W-band meander SWS samples 

fabricated by laser ablation 

The developed SWSs provide high slow-down 

factor ( ~ 7 9phc v  ) and thus are suitable for opera-

tion with a low-voltage (3÷5 kV) electron beam. 

Small-signal and large-signal gain characteristics of 

the TWT driven by a 100-mA sheet electron beam 

were simulated. For a 1-cm-length SWS, the peak 

gain is about 15-20 dB. Owing to strong dispersion of 

the meander-line SWS, the bandwidth of the amplifier 

is rather narrow (2–3 GHz). However, the central fre-

quency may be easily tuned in a wide range by vary-

ing the beam voltage. The simulations predict over 60 

W output power at saturation. 
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A natural way to increase the gyrotron frequency 

is the use of operation at higher cyclotron harmonics. 

However, at moderate voltages, the intensity of the 

electron-wave coupling decreases rapidly with the 

increasing harmonic number. Due to this fact, the 

danger of excitation of parasitic close-to-cutoff waves 

at lower harmonics becomes a serious problem. This 

is true especially in low-relativistic gyrotrons with 

low output powers (and, therefore, low operating cur-

rents) at least due to two reasons. First, low-harmonic 

waves possess bigger electron-wave coupling factors. 

Second, longer operating cavities are required, in gen-

eral, to excite high-harmonic operating waves. The 

latter results also in extremely high diffraction Q-

factors for the operating near-cutoff waves and, there-

fore, a great share of ohmic losses. In this work, we 

describe several schemes of cavities with short irregu-

larities designed to improve operation of low-

relativistic high-harmonic gyrotrons.  

Cavities with decreased ohmic losses 

A method to combine a long-length interaction 

region of a high-harmonic gyrotron and a relatively 

low diffraction Q factor was proposed in Refs. [1,2]. 

This method is based on the use of a sectioned system 

(Fig. 1 a) with a klystron-like character of the elec-

tron-wave interaction: particles interact with a near-

cutoff wave only in the input and output cavities (sec-

tions 1 and 3), whereas the drift region (section 2) 

provides coupling between these cavities as well as 

bunching of electrons (Fig. 1). The diffraction Q fac-

tor in such a scheme is determined mainly by the sum 

of lengths of the two cavities, 
2

31dif )( LLQ  . At 

the same time, the starting current is determined by 

the total length of the system, )( 321 LLL  .This 

scheme was realized in the pulsed large-orbit 80 kV 

gyrotron  [3]. Selective excitation at the third harmon-

ic was achieved at a magnetic field close to 10.2 T. 

The output rf signal with a power of 100–250 W at a 

frequency of 0.74 THz corresponded to the transverse 

mode TE3,5. According to simulations, the share of the 

ohmic losses in this experiment was relatively low 

(20%–25% of the rf wave power emitted from the 

electron beam) as compared to  the first regular-cavity 

experiment under this third-harmonic gyrotron [4].  

A different method for decreasing the diffraction 

Q-factor of the operating gyrotron mode is proposed 

in works [5,6]. This is based on exciting a higher axial 

mode (possessing a relatively low diffractive Q-

factor) in the gyrotron-type regime (i.e. at the elec-

tron-wave resonance condition  N  without 

Doppler terms). This method is based on the use of a 

periodically sectioned cavity; every two sections are 

separated by a short phase corrector providing the -

shift of the wave phase (Fig. 2). This approach is used 

to provide operation at the fourth cyclotron harmonic 

in the 30 keV/0.7A CW large-orbit gyrotron [7] based  

on a 5 T cryomagnet. The main scope of this setup is 

to provide operation at the second, third, and fourth 

cyclotron harmonics at the frequencies 0.26 THz, 0.39 

THz, and 0.52 THz, respectively, with the output 

power level of hundreds of Watts. In first experi-

ments, the use of a regular 19 mm cavity provided 

selective excitation of the mode TE2,5 at the second 

harmonic (0.267 THz) and of the mode TE3,7 at the 

third harmonic (0.394 THz) at slightly different mag-

netic fields. However, the 0.52 THz fourth-harmonic 

gyrotron requires a long (50-60 wavelengths) operat-

ing cavity, so that the diffraction Q-factor of the low-

est axial mode (over 100,000) is much greater than 

the ohmic Q-factor (~10,000), and the share of ohmic 

losses exceeds 90%. This leads to as low output effi-

ciency of this gyrotron as 0.2% We designed a cavity  

consisting of 5 sections and based on the excitation of 

the mode TE4,5  with 5 axial variations (Fig. 2). Alt-

hough the cavity is relatively long (~ 90 wavelength), 

sectioning makes possible to reduce the diffraction Q-

factor of the operating wave down to ~30,000, and  to  

reduce the share of ohmic losses down to ~60%. This 

provides an increase in the output wave efficiency up 

to ~1.% (the output power is ~ 100 W). 

 
Fig. 1.  (a): Sectioned cavity of the third-harmonic large-

orbit gyrotron. (b): Results of simulation of the operation at 

a frequency of 0.74 THz; electron efficiency (e) and rf wave 

efficiency (rf) versus the axial coordinate. 

 
Fig. 2. Large-orbit fourth-harmonic gyrotron: cavity shape, 

the calculated electron efficiency versus the axial coordi-

nate, and the spatial rf-wave structure of the operating mode 

corresponding to the 5th axial mode. 
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Selective irregularities 

A method for suppression of the fundamental-

harmonic parasitic waves in second-harmonic gyro-

trons based on a simple principle [8] can be used in 

low-power short-wavelength gyrotrons with a weak 

electron-wave interaction and, therefore, with long 

(tens wavelengths) operating cavities. This method is 

based on the use a quasi-regular cavity with either one 

or several short irregularities (phase correctors). Evi-

dently, the phase incursion of a near-cutoff wave in-

side the irregularity is proportional to the frequency, 

 ~)( . For the operating second-harmonic wave, 

 2)( and, therefore, such an irregularity does not 

effect on the excitation of this wave. As for funda-

mental-harmonic near-cutoff parasitic waves, their 

phase shift on the same corrector is twice smaller, 

 (Fig. 3 a). The -shift of the phase changes the 

“sign” of the electron-wave coupling (shifts decelerat-

ed electron to the accelerating phase of the wave); this 

lead to a significant degradation of the interaction of 

electrons with the parasitic waves. This method is 

valid only for low-mode resonators, when the correc-

tor does not provide scattering of the waves into lower 

transverse modes. In the case of operation at high 

radial modes, this approach can be developed by the 

use of the mode transformation effect (Fig. 3 b) [9]. If 

the operating high-harmonic mode is ТЕm,n then the 

radius of the widening corresponds to the cutoff 

ТЕm,n+1 wave at the same frequency. Thus, the operat-

ing ТЕm,n wave is converted into the ТЕm,n+1 wave 

inside the widening with no transformation losses. 

However, the irregularity is not resonant for the para-

sitic near-cutoff fundamental-harmonic waves, and a 

significant reduction of the diffraction Q-factors of 

these waves is provided due to their scattering. Using 

this approach, we designed a selective cavity for a 

pulsed 60 keV gyrotron  to achieve second-harmonic 

excitation of a very developed mode (TE63,15) at a 

frequency of ~1.2 THz. 

One more approach is based on reducing the cavi-

ty length due to the use of a special output irregularity 

[10]. The irregularity increases the Q-factor of the 

operating high-harmonic wave due to the reflection, 

but it almost does not reflect parasitic fundamental-

harmonic waves (Fig. 3 c). In addition, the irregularity 

spoils the axial structure of the parasitic wave. This 

approach can provide a significant increase in the 

starting current of parasitic close-to-cutoff waves with 

no considerable effect on the generation of the operat-

ing high-harmonic wave. 

The work is supported by the Russian Science 

Foundation, project # 17-19-01605. 
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Fig. 3. Gyrotron cavities with selective irregularities. (a): 

Phase corrector, which provides the 2 phase incursion for 

the operating second-harmonic wave, and the  phase incur-

sion for the parasitic fundamental-harmonic wave. (b): An 

irregularity providing scattering of the parasitic near-cutoff 

wave. (c): Shortening of the gyrotron operating cavity by 

the use of the reflecting output irregularity. 
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Laser-driven photo-injectors are capable to form 
very compact and dense electron bunches with a par-
ticles energy of 3-6 MeV, picosecond and 
subpicosecond duration, and charge of the order of 1 
nC. When moving in the periodic field of the 
undulator with a period of a few centimeters, such 
bunches can generate coherent radiation in the near-
terahertz range. The power and duration of such a 
generation is limited due to an increase in the axial 
length of the electron bunch under the action of the 
Coulomb repulsion, which under normal conditions 
does not allow for the effective implementation of 
such a scheme for dense nC bunches [1]. Therefore, a 
special methods of stabilization of the axial length of 
the operating bunch during its motion over a long 
enough electron-wave interaction region should be 
used. The report describes two such methods, namely, 
the so-called “negative-mass” stabilization and the 
radiative compression of electron bunches.  

Negative-mass stabilization and compression 

The negative-mass regime of the electron motion 
is realized in a combination of periodic undulator 
field and relatively strong homogeneous axial mag-
netic field (Fig. 1 a). The cyclotron frequency corre-
sponding to the axial field should be slightly higher 
than the undulator bounce-frequency of the particle. 
In this case, the Coulomb field inside the bunch leads 
not to repulsion of electrons but to their mutual attrac-
tion [1]. This effect is a result of an abnormal depend-
ence of the velocity of undulator oscillations of elec-
trons on the cyclotron frequency (Fig. 1 b).  Let us 
consider a particle moving in the front of the bunch 
(Fig. 1 c). The Coulomb field accelerates this elec-
tron, and its relativistic cyclotron frequency decreases. 
The electron approaches the undulator-cyclotron res-
onance, which is accompanied by a resonant increase 
in its transverse velocity; this leads to decrease in the 
axial electron velocity. 

 
Fig. 1.  (a): Electron motion in the combined helical 
undulator and uniformaxial fields. (b) Characteristic de-
pendence of the transverse electron velocity on the cyclo-
tron frequency. (c) Coulomb attraction and oscillations of 
electrons in the “negative-mass” regime. 

 
Fig. 2. (a): Radiated wave field and  power (red) in the 
“positive-mass” and “negative-mass” regimes. (b): Spectra 
of the radiated rf signal. (c): Axial distributions of the 
charge in the bunch after the 60 cm trip in the positive-mass 
regime and after the 1m trip in the negative-mass regime. 

Thus, increasing the energy of the particle causes 
it to slow down in the longitudinal direction. The op-
posite situation takes place for the particle moving in 
the tail of the bunch; this particle is decelerated by the 
coulomb filed, and this leads to an increase in the axi-
al velocity. Overall, the Coulomb interaction of parti-
cles leads to compression of the bunch in the longitu-
dinal direction. Such a behavior of electrons can be 
regarded as a consequence of its effective mass being 
negative [2,3], and this is very similar to the negative-
mass effect in cyclotron masers [4-7].  

Numerical simulations show [1,8] that in a certain 
range of parameters, significant improve of the radia-
tion characteristics is possible when using the de-
scribed scheme. Figure 2 illustrates an example, 
where an electron bunch with the particles energy of 
5.5 MeV scatters the undulator field having a period 
of 2.5 cm into the wave with a frequency of about 2 
THz. In this case, the resonant cyclotron frequency 
corresponds to the axial field of about 5 T, and effec-
tive negative mass regime is realized at magnetic 
fields near 8 T and the undulator field amplitude of 
about 0.2 T (Fig. 2). Simulations predict generation of 
a 20 ps rf pulse with a power of ~ 10 MW. According 
to simulations [8], the negative-mass regime can pro-
vide axial stabilization of extremely dense (with 
charges up to several nC) picosecond bunches. A pro-
totype of the negative-mass undulator with a 8 T axial 
magnetic field is designed and tested in the experi-
ment [9]. There is also an interesting option to use this 
regime for the axial compression of dense bunches by 
their own Coulomb fields, when the undulator is used 
not for the radiation but for providing the negative-
mass electron motion only [10]. Since in this situation 
there is no goal to achieve THz radiation, undulators 
with longer periods can be used, and a lower magni-
tudes of the axial magnetic field are required to pro-
vide the negative-mass electron motion.  
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Radiative compression 

An alternative compression method can be the 
undulator super-radiative radiation of a long-
wavelength wave in an auxiliary long-period 
undulator [11]. A relatively long electron bunch prop-
agates in a simple (with no axial magnetic field) heli-
cal undulator inside a waveguide (Fig. 3 a) and radi-
ates a short wave packet propagating with a group 
velocity equal to the electron axial velocity (Fig. 3 b). 
Since the wavelength of the radiated wave is longer 
than the bunch length, the emission has the spontane-
ous coherent character. Such emission results in axial 
compression of the bunch (Fig. 3 c). This is due to the 
fact that in the situation described above the phase of 
the radiated wave is correlated in a certain way with 
the electron bunch phase, namely, there is a /4 shift 
between the bunch center and maximum of the decel-
erating wave phase (Fig. 3 d). In the case of a bunch 
being four times shorter than the wavelength, the 
bunch is compressed in the radiated field, because the 
front of the bunch is placed in the maximum of the 
decelerating wave phase whereas the tail is placed 
close to the “zero” wave field. 

 This effect can be used for creation of a “bicol-
or” THz source based on the spontaneous emission 
from a short bunch, so that the super-radiation of the 
auxiliary long-wavelength wave is used to compress 
the bunch down to a size shorter than the wavelength 
of the short-wavelength wave. Figure 4 illustrates an 
example, where a 0.1 nC 3 MeV 0.6 mm bunch 
moves in two undulators ( 3.21, u  cm and  

1.12, u cm). At the first stage, electron oscillations 

in the first undulator lead to the spontaneous coherent 
radiation of the long-wavelength ( 2.11   mm) com-

pressing wave. During this process, the bunch is com-
pressed several times. This makes possible the spon-
taneous coherent radiation of the short-wavelength 
( 3.02   mm) wave in the second undulator with a 

relatively high (~10%) electron efficiency. 

The work is supported by IAP RAS Project 0035-
2014-0012, Russian Foundation for Basic Research 
(Project 18-32-00351 and 16-02-00794), and the Is-
raeli Ministry of Science, Technology and Space. 

 
Fig. 3. (a): Electron bunch moving along a helical 
undulator. (b): Dispersion diagram of the operating wave-
guide mode. (c) Super-radiative radiation and the bunch 
compression. (d): Bunch phase with respect to the wave. 
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Fig. 4. (a): “Bicolor” THz source based on the spontaneous 
emission of two waves. (b): Efficiency of radiation of the 
two waves versus the axial coordinate of the bunch. (c): 
Evolution of axial distribution of electrons inside the bunch. 
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Recent advances in 3D printing technology made 
it a favorable choice in many scientific applications, 
where large-scale production is not required. There 
are several different materials and printing methods 
available, which are more or less suitable for sub-
terahertz devices. Selective laser sintering (SLS) 
printers can reach tolerances down to several microns, 
although these are on the expensive side, and in the 
case of metallic printing the surface roughness is un-
satisfactory for radiation with millimeter and submil-
limeter wavelengths without additional finishing. 
Moreover, SLS printing of copper is very difficult due 
to its high reflection coefficient at commonly used 
laser wavelengths. Stereolithography (SLA) photo-
polymer printers have very high accuracy, but these 
plastics usually have high absorption in microwave 
and terahertz region. Fused-deposition modelling 
(FDM) printers are cheap, widely available and can 
use several well-known plastics with low absorption, 
such as nylon or HDPE, but the precision is less than 
for the former types. 

To study the best possible solutions, we analyzed 
the dielectric permittivity and loss tangent of plastics 
used in different 3D printer types. Sample discs were 
printed and then placed inside the two-mirror resona-
tor with high Q factor [1], and measurements were 
made for frequencies in 94-150 GHz range. Addition-
al measurements were made for plastic waveguide 
inserts in 26-40 GHz range. Dielectric properties in 
different ranges have only a slight difference and can 
therefore be extrapolated to higher frequencies. 
Measurement results are collected in the table. 
Plastic Printer Re ε tan δ 
Polyethylene terephthalate 
glycol (PETG) 1 

FDM 2.31 1.5·10-3 

PETG 2 FDM 2.47 1.6·10-3 
Polylactic Acid (PLA) FDM 2.27 6.2·10-3 
Sterol-butadiene-sterol (SBS) 1 FDM 2.22 1.6·10-3 
SBS 2 FDM 2.40 1.3·10-3 
Visijet SL Clear SLA 1.8 3.5·10-2 
Visijet SL Flex SLA 1.8 3.5·10-2 
Visijet SL Hi-Temp SLA 1.8 3.5·10-2 
Polyamid SLS 1.7 3.5·10-3 

 
Sterol-Butadiene-Sterol has the best dielectric 

properties among the measured samples, and it was 
chosen to test the concept of two-dimensional planar 
Bragg resonator with chessboard-like grating, which 
can be used in distributed feedback lasers [2]. The 
parameters of Bragg structure were chosen in accord-
ance with dielectric properties of the media and preci-
sion of FDM printers, which is acceptable for fre-
quencies up to 100 GHz. Size of the square resonator 
is 180 mm, and average thickness is 2 mm. Grating 
periods in orthogonal directions are both equal to 4 
mm, and grating depth is 0.4 mm. The 3D-printed 
structure is shown on Fig. 1. 

The properties of this resonator were calculated in 
CST MWS for Re ε=2.4 and tan δ=2·10-3, and the 
zone of effective scattering was near 60 GHz. To con-
duct the low-power measurement, the resonator had to 
be excited by a wave beam with a plane phase front, 
which was be made by a planar quasioptical transmis-
sion line. The transmission line consists of two paral-
lel metallic planes, parabolic mirror and single-mode 
waveguide ending in the focus of the mirror. After the 
reflection, the planar wave beam is very close to the 
TEM-mode of planar waveguide. The wave beam is 
transmitted through the resonator and then received 
into single-mode waveguide by the symmetrical qua-
sioptical transmission line.  

 
Fig. 1. Dielectric two-dimensional plane Bragg resonator 
printed from SBS plastic 

 
Fig. 2. Reflection (R), transmission (T) and orthogonal scat-
tering (S) for dielectric two-dimensional plane Bragg reso-
nator 
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Measurement results for reflection, transmission 
and orthogonal scattering are shown on the Fig. 2.  
There is a good agreement between calculations and 
experiment for both frequencies of the effective Bragg 
scattering and amplitudes of the scattering coeffi-
cients. The use of higher precision printers will allow 
manufacture of resonators suitable for submillimeter 
wavelengths. 

Another promising field for printed dielectric 
structures is low-loss windows. Calculations basing 
on thermal and dielectric properties of printable plas-
tics give the power of several tens of watts, which is 
sufficient for many applications, e.g. subterahertz 
gyrotron systems used for spectroscopy [3]. Window 
reflection can be minimized by the use of gratings of 
different shapes, like two-dimensional pyramidal or 
one-dimensional close to sinusoidal [4]. The shape of 
the grating requires fine details to be printed with high 
precision, and single-nozzle FDM printers flatten the 
top parts of the shape, which leads to the increase of 
the reflection. SLS plastic printers have significantly 
better precision. To compare different gratings, three 
discs were printed of polyamid: the first one has no 
gratings on the sides, the second one has pyramids 
with height 2 mm and base width 1 mm on both sides, 
and the third one has special one-dimensional periodic 
grating with height 3 mm and period 2 mm on both 
sides. The discs are shown on Fig. 3. 

The low-power tests were conducted on the same 
resonator setup, which was used for the tests of die-
lectric properties. The measurements performed at 
frequencies 70-200 GHz show the significant reduc-
tion of reflection: both types of gratings effectively 
suppressed the reflection by more than 10 dB. This is 
sufficient for many subterahertz gyrotrons, and addi-
tional tests of mechanical and vacuum properties will 
be performed later. 

This work was supported by RSCF grant 18-48-
520022. Authors are grateful to DS Group for their 
help with manufacture of samples. 

 
 

 
Fig. 3. Printed discs for antireflection grating tests: top – no 
gratings, middle – pyramidal gratings, bottom – one-
dimensional gratings. 
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I. Introduction 

Till 2005, Research Center for Development of 
Far-Infrared Region, University of Fukui (herein re-
ferred to as FIR-UF) had developed gyrotrons to aim 
at increasing their frequency. For this purpose, the 
Gyrotron FU series were developed[1-3]. Fundamen-
tal, second and third harmonic oscillations were ob-
served, and the breakthrough of 1 THz oscillation in 
gyrotron was achieved for the first time in the 
world[4].  

Since 2006, gyrotrons have been developed in 
FIR-UF for the purpose of applications such as DNP-
NMR spectroscopy[5,6], sintering and direct meas-
urement of energy level of positronium hyperfine 
structure[7]. Gyrotrons developed for this purpose are 
Gyrotron FU CW series[8-13], Gyrotron FU CW G 
series[14-19] and pulsed gyrotrons[20-28]. 

II. Development of Gyrotron 

Gyrotron FU CW I was developed in the collabo-
ration between IAP, RAS and FIR-UF[10]. It was 
fabricated by Gycom. It was used for material pro-
cessing and sintering. Some gyrotrons applying for 
DNP-NMR spectroscopies were developed, such as 
Gyrotrons FU CW II, IV, VI and VII[9,11-13]. For 
this application, the frequency tuning is necessary to 
adjust the sensitivity to maximum. With Gyrotron FU 
CW IV, a continuous frequency variation width of 6 
GHz was observed[11]. The oscillation mode was 
fundamental TE12 mode. The mechanism of continu-
ous frequency variation was explained as the interac-
tion with gyro-backward waves.  

Recently Gyrotron FU CW XA was developed. It 
is installed on an 8 T superconducting magnet. It is a 
linear type gyrotron without a built-in mode converter. 
The cavity is a normal hollow one with up and down 
tapers at the both ends of the straight section. The 
radius and length of the straight section of the cavity 
are 2.997 mm and 20 mm, respectively. Although this 
cavity was not specially designed for the purpose of 
frequency tuneability, frequency variations more than 
1 GHz were measured with four modes, TE12, TE13, 
TE33 and TE14, in this gyrotron. The frequency bands 
are 90, 140, 180, and 190 GHz, respectively[29].  

For applications, conversion to Gaussian beam is 
necessary. About Gaussian beam output gyrotrons in 
FIR-UF, the Gyrotron FU CW I is the first, which was 
fabricated in Russia[10]. Gaussian beam output gyro-
trons developed in FIR-UF are called as Gyrotron FU 
CW G series[14-19]. Gyrotron FU CW GI oscillates 
in 203 GHz frequency[14] and was used for direct 
measurement of the energy level of positoronium hy-
perfine structure[7]. Gyrotrons FU CW GII and GIII 
oscillate in second harmonic[15-17]. Gyrotron FU 

CW GIV showed frequency variations in two fre-
quency ranges. The frequency varies with the widths 
of 5 GHz in 190 GHz band for the fundamental mode 
and of 3 GHz in 390 GHz band for the second har-
monic mode[30]. 

Gyrotron FU CW GV is a multi-frequency gyro-
tron[18]. It is of sealed-off type and was constructed 
by New Japan Radio Company. It was installed on a 
10 T magnet. The mode converter consists of a con-
ventional Vlasov launcher and four mirrors. Although 
it was designed for the TE10,6 mode, Gaussian beams 
were radiated in oscillations of ten modes. Their oscil-
lation frequencies are from 162 GHz to 265 GHz 
about 10 GHz step. The transmittance of a window 
disk depends on the wave frequency. Some of them 
have low transmittance. To prevent the drop in trans-
mittance due to the frequency-dependence, a distance 
variable double-disk window was adopted. With vari-
ation of the distance between the two disks, the 
transmittance of the electromagnetic wave periodical-
ly changed because of the wave interference. The 
transmittance can be almost one by setting with ap-
propriate distances for every frequency. 

In Gyrotrons FU CW VI and VIA, frequency var-
iation around 460 GHz was achieved in a second 
harmonic oscillation using a 10 T magnet[19]. 

We also developed pulsed high power gyrotron 
series[20-28]. They are developed in the purpose of a 
light source for the Collective Thomson Scattering 
(CTS) measurement in LHD, NIFS. First, we devel-
oped 400 GHz frequency, 2nd harmonic oscillation 
gyrotrons using 8 T superconductive magnet. Howev-
er, for the required target power of 100 kW injection 
into the plasma, 2nd harmonic oscillation did not 
reach the goal power. So, we changed to 300 GHz 
gyrotron development using 12 T magnet in funda-
mental oscillation. With the beam voltage of 65 kV 
and current of 15 A, power of 320 kW and efficiency 
of 33 percent are achieved[28]. This gyrotron was 
moved to LHD of NIFS in July, 2018 and will be ap-
plied to CTS experiment. 

III. Applications of Gyrotron 

As examples of applications of sub-THz gyro-
trons, there are sintering, DNP-NMR spectroscopy, 
positronium energy level measurement, CTS, pulsed 
ESR, millimeter wave discharge, light emission from 
crystals and study for safety data base of sub-THz 
radiation. 

Gyrotron FU CW GI was applied for direct meas-
urement of hyperfine structure of positronium[7]. This 
is a collaboration with Tokyo University. Positoroni-
um is a bound state of a positron and an electron. 
Ground-state positronium has two spin eigenstates, 
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ortho-state and para-state. The energy difference of 
the two states correspond to about 203.4 GHz. The 
measurements of the energy difference were done in 
the past, however, they were measurement used the 
Zeeman effect in a static magnetic field. It may be 
affected by the magnetic field, and the result has a 
slightly difference from the theoretically calculated 
values. So, we did directly measurement of the energy 
level using electromagnetic wave. The expected spec-
trum of the gamma ray annihilation probability is a 
function of frequency. So, for this measurement, a 
light source with frequency tunable between 201 to 
206 GHz and high power more than 100 W with 
Gaussian beam output is necessary. However, fre-
quency of a gyrotron is not widely continuously 
changed to keep high power. Therefore, to change the 
frequency, we changed the cavity itself. We prepared 
a lot of cavities whose diameters were slightly differ-
ent each other. Changing the cavities, the intensity of 
gamma-ray produced by pair annihilation was meas-
ured. The energy difference of the hyperfine structure 
of positronium was measured with the central energy 
of 203.39 ± 0.11 GHz. 

Another application of gyrotron is light emission 
from ZnO crystal[31]. This is a collaboration with 
Osaka University. Spectra of irradiation of a ZnO 
crystal by gyrotron exhibit a broad and asymmetric 
peak around 600 nm with a longer-wavelength tail. 
When the duty ratio of gyrotron irradiation increased, 
the peak emission intensity increases rapidly. Yellow 
light emitted from the ZnO crystal. The temperature 
was more than 1000 degree by the IR camera meas-
urement. When heated up to 1250K using an electric 
heater without gyrotron irradiation, the crystal does 
not exhibit any visible emission. Therefore, this result 
indicates that the yellow emission of the gyrotron 
irradiated crystal is not a simple blackbody radiation 
but is caused by a combination of thermal effects and 
the gyrotron’s sub-THz electric field. 

When sub-THz wave from a gyrotron is radiated 
to nano-scale cages of Ca12Al14O33 crystal, visible 
light was emitted from the crystal[32]. It was ex-
plained the mechanism of lightening that oxygen ions 
inside the cage rattle due to sub-THz wave and emit 
visible light. Conversion from THz wave to visible 
light is useful for THz range research to specify the 
wave position. This is a collaboration with Tokyo 
Institute of Technology and Hirosaki University. 

Gyrotron is also applied for the study of safety 
data base of sub-THz radiation for eyes. This is a col-
laboration with Tokyo Metropolitan University and 
Kanazawa Medical University. They had the experi-
ments at frequencies of 40, 75, 90 GHz irradiation so 
far. In the present experiment, we use electromagnetic 
wave with the frequency of 162 GHz, one of oscilla-
tion of Gyrotron FU CW GV. Sub-THz wave is irra-
diated into rabbit eyes, and the threshold of power or 
power density to cause injury on the eyes is being 
investigated. 

A pulsed high power gyrotron of 303 GHz will be 
applied for CTS measurement in LHD, NIFS. The 
electromagnetic wave generated by a gyrotron is in-
jected into plasma. From the observation of the scat-

tering wave, we can obtain the information of ion 
temperture. Due to the magnetic field distribution of 
LHD, 300 or 400 GHz is the best frequencies for CTS 
measurement in LHD. 

IV. Summary 

In FIR-UF, Gyrotron FU CW series, Gyrotron FU 
CW G series and pulsed gyrotron series have been 
developed for the purpose of various applications for 
the current decade and they have been and will be 
applied for various fields. 
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Over the last years, the great attention of micro-

wave vacuum tube and accelerator researchers there-

fore drawn to so-called photonic crystal resonator 

cavities, formed by a defect lattice (photonic band gap 

structure-PBG)[1-4]. 

Very strict requirements applied to the resonator 

systems used in such devices. They must have a high 

characteristic impedance ρ = R/Q0 and increased 

(compared to the operating wavelength) dimensions. 

In addition, they must have a rigid and technological 

structure having a high unloaded Q-factor and a good 

heat-dissipating ability. 

In the defect area it is appeared local electromag-

netic waves (defect modes) similar to electromagnetic 

waves of ordinary cavity resonators. 

The advantages of PBG are increased overall di-

mensions, high unloaded Q-factor, comparative simplici-

ty of engineering implementation, as well as the possibil-

ity to suppress undesirable (parasitic oscillation). 

Due to these advantages, the metal photonic band 

gap structure has potentialities in the areas of high-

energy accelerators, multi-beams klystrons.  

Up to the present moment, it was studied only one 

gap single defects and multiple defects of PBG for 

single-beam and multi-beam klystrons [5, 6]. This did 

not allow us to realize a large gain factor, a high effi-

ciency and a wide band in such devices. 

This paper presents the results of 3D computer 

simulations of a double-gap PBG resonator with en-

hanced impedance of interaction. 

The transformation of the defect zone from two-

dimensional to three-dimensional was accomplished 

by inserting an additional X-shaped quasi-fractal res-

onance element in the cross section in the central part 

of the interaction region (fig. 1). This transformation 

was performed by inserting an additional X-shaped 

quasi-fractal resonance element in transverse section 

in central part of the interaction area. 

 

 
b) 

 
a) c) 

Fig. 1. The structure of the resonator: a) fractal scheme, b) 

top view, c) transverse section  

The interaction area is confined by side covers 1 

with circular holes 2 for transition of two electron 

beams in longitudinal direction and in transverse di-

rection by a conditional square 3 that defines bounda-

ry of the longitudinal rods location 4, which restrict 

two-dimensional defect area. The resonance rods 5, 

forming the additional X-shaped resonance element, 

are oriented on the diagonal of the conditional square 

in the two-dimensional photonic crystal. This element 

consisted of two similar triangles (ADF and ABC) 

with cutout in them (FGH and ADE), which are also 

scale lines of the initial triangles. The drawn figure is 

similar to Serpinski triangle fractal [7]. In the center 

of diagonal intersection at the distance l1 = /2 from 

electric contact place between resonance rods with 

longitudinal rods 6 is located a central longitudinal 

metal rod 7, having electric contact with side covers. 

At the free ends of the resonance rods it is made cir-

cular holes 8 for electron beams transition that are 

coaxial with circular holes on side covers. The full 

length of both resonance rods is equal l2 = 3/4, 

where  is ТЕМ – mode operating wavelength. As a 

result of these transformations it is formed two double 

high-frequency gaps. The lowest frequency modes in 

three-dimensional photonic band gap are quasi-ТЕМ 

modes, which electric и magnetic fields have opposite 

directions in each gap (π-mode). However, for opera-

tion in millimeter and sub-millimeter wavelength 

ranges in-phase modes similar to ТM110 and ТM210 in 

ordinary prismatic resonant cavities is of the greatest 

interest. 

Simulation results 

We have designed a quasi-fractal double-gap cav-

ity based on PBG structure. 3D-models of studied 

resonance system are illustrated in table. 

 
Table. Computer models of studied PBG structure 

Model 1 Model 2 Model 3 Model 4 

    
 

It had the following dimensions: lattice depth 10 

mm, metal rods diameter 2 mm, spacing between the 

rods, 3.7 mm, drift tube radius 1.0 mm; gap length 1.5 

mm; resonance rods thickness in along-track beam 

direction 3 mm. It was studied the influence of num-

ber n additional longitudinal rods that are inserted into 

3D defect area, at a frequency of indicated modes. 

During the simulation, it is also determined character-

istic impedance (shunt impedance, fig.2) and unload-

ed Q-factor cavity (fig.3). 
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 2 

 
Fig. 2. HOM R/Q0 as a function of frequency. Numbers 

indicate the model numbers indicated in table. 

 
Fig. 3. HOM Q0 as a function of frequency. Numbers indi-

cate the model numbers indicated in table. 

From fig. 2 it is clear that increasing numbers of 

rods in the cavity volume leads to characteristic im-

pedance increasing of both TM110 (1.3 times) and 

TM210 modes (1.2 times). The dependence of unload-

ed Q-factor on rod numbers (fig. 3) for TM110 mode 

has linear increasing form while for TM210 mode Q-

factor it falls. Considering both dependence we can 

conclude: stunt impedance linearly grows with the 

rods number for TM110 and has a maximum at a num-

ber of rods n = 2 (fig. 4). The dependence of stunt 

impedance for TM210 on frequency has the parabola 

form, a maximum is at n = 1. Having said so this 

mode has higher stunt impedance values then at 

TM110 mode for any n. 

 
Fig. 4. Shunt impedance for HOM as a function of frequen-

cy. Numbers indicate the model numbers indicated in table. 

Dotted lines represent cavities with the rods, dashed and 

solid lines represent cavities with solid walls 

 

The presence of the rods in quasi-fractal cavity 

models leads to frequency decreasing as compared 

with cavity models with solid walls.  

The coupled quasi-fractal double-gap cavity array 

as a fractal electrodynamic system that capable to 

slow down electromagnetic wave considerably can be 

used for TWTs.  

Due to increased stunt impedance, quasi-fractal 

PBG structures for Multi-Beam Devices has potential-

ities in the areas of high-energy accelerators, multi-

beams klystrons, terahertz radiation sources, etc.  
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Introduction 

In the laser physics the generation of ultrashort 
pulses (USP) via passive mode-locking [1] is broadly 
used. Gain media with homogeneous and inhomoge-
neous line broadening are applied [2]. The analog of 
homogeneous and inhomogeneous line broadening in 
microwave electronics is electron-wave interaction 
with beams having small or large initial energy 
spread. USP electron oscillators with passive mode 
locking with homogeneous line broadening were in-
vestigated in [3-4]. In this paper we will study peculi-
arities of the USP microwave oscillators with both 
homogeneous and inhomogeneous line broadening.  

Model and basic equations 

The schema of USP generators is presented in 
Fig. 1. It consists of an electronic amplifier, a nonlin-
ear (saturable) absorber in the feedback circuit, and a 
partially transparent mirror for output of the signal. 

Partially 
transparent 
mirror

Electronic 
amplifier

Saturable 
absorber

R
L1

L2

TDelay 
line

Fig. 1. Principal scheme of a USP oscillator with a saturable 
absorber in the feedback loop. 
 

We will use a rather general model of the elec-
tronic amplifier with prevailing inertial particle 
bunching [5]. Under conditions of a relatively small 
energy change of particles |1 / | 1     (where 

 mc2, γ is the relativistic factor,   is an average 

value of electron energy in the initial distribution), the 
process of amplification can be described by the uni-
versal system of equations [5,6] 
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The boundary condition for electrons is 
 0 00 0, [0;2 )Z Zu u       . (2)  

We will suppose initial energy spread of electrons of 
the beam is normal 
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where 1 /C      is a parameter characterizing 

the electron energy spread,  1 /J     
2

0 0 00 0( ) if u e d du
   


   is an amplitude of the 

high-frequency electron current, θ is an electron phase 
relative to a synchronous running wave, 

1(1 / )u C      is the normalized electron energy 

variations, /Z C z c  , ||0( / )C t z V      

1
||0( / / )grc V c V  , 2 /na C eA mc   is the nor-

malized wave amplitude, n is the number of the field 
passages through the feedback loop, /L C l c   is the 
length of amplification region, 

2 1/33
0 /( )mcC eI N    is the parameter of amplifi-

cation (Pierce’ parameter), 0I  is the beam current, χ 

is the electron–wave coupling coefficient (see [6]), N 
is the operating mode norm, and /grV d dh   is the 

wave group velocity. 
The signal passage in a feedback circuit with ab-

sorber is described by the equation 

 ( ) 0n n
n n

a a
a a

Z

 
   

 
.  (4) 

where the coefficient of attenuation   for a saturable 
absorber can be specified as 

 0
2

( ) .
1 | |

n
n

a
a


 

 
  (5) 

In accordance with the scheme shown in Fig. 1 
boundary conditions can be presented in the form 
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where index “1” and “2” corresponds to section of 
amplification and absorbing, respectively, R < 1 is the 
reflection coefficient, T  is a delay time. 

Electron efficiency of the oscillator is determined 
by the relationships 
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Results of simulations 

Results of simulations of USP generation via pas-
sive mode-locking with homogeneous (the initial 
electron energy spread is absent) and inhomogeneous 
line broadening (the initial electron energy spread 

2  ) are presented in Fig. 2. For both cases one can 
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see that there is possibility of arrangement of mode 
locking regime accompanied by USP pulse produc-
tion. For the same beam current, gain parameter and 
the length of amplification section the characteristic 
of generated pulses in regime with homogeneous and 
inhomogeneous line broadening is very closed. Nev-
ertheless the peak amplitude of USP pulses is larger 
for the homogeneous line broadening.  

Thus based on our analysis we can conclude that 
passive mode locking is an effective way to exploiting 
of powerful electron beams possessed by substantial 
energy spread (like high current relativistic electron 
beams) for generation of coherent radiation. 

This work was supported by Russian Scientific 
Foundation (RSCF), grant No. 16-42-01078. 
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Fig. 3. Setting on a USP regime in the oscillator with inho-
mogeneous line broadening ( = 2, other parameters are 
same as in Fig. 2): (a) time dependence of the field ampli-
tude, (b) detailed profile of pulses and the instant electron 
efficiency in the extended time scale, (c) radiation spectrum, 
and (d) electron energy distribution function at the initial 
(black line) and final (red line) stages. 
 
 

Fig. 2. Setting on a USP regime in the oscillator with ho-
mogeneous line broadening (L1=10, R=0.9, L2=5, 0=1.5, 
=0.6, T=20, 0): (a) time dependence of the field ampli-
tude, (b) detailed profile of pulses and the instant electron 
efficiency in the extended time scale, (c) radiation spectrum, 
and (d) electron energy distribution function at the initial 
(black line) and final (red line) stages. 
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Development of microwave oscillators and of gy-

rotrons in particular [1] increases the field of potential 

applications, for which the radiation spectrum control 

is essential. For example, in gyrotron applications as a 

source for plasma heating, set frequencies are chosen 

based on a compromise between the absorption in 

central and peripheral areas of plasma. Along with 

this, the investigations show [2] that plasma heating 

can be much more efficient if the frequency tuning of 

the generated signal is possible in the gyrotrons in-

volved. In this paper, we propose using the Stimulated 

Raman Backscattering (SRB) regime on the addition-

al weakly relativistic electron beam. Currently, this 

regime is under investigations for compression and 

amplification of optical frequency pulses scattered on 

the plasma with neglection of frequency transfor-

mation [3-5]. However, in microwave frequency 

range, if the electron beam is used, Doppler shifts 

values become of the same order as the pump and the 

scattered signal frequencies. Moreover, the feature of 

this regime is energy transfer from higher-frequency 

(HF) pump wave concurrent with the electrons to the 

lower-frequency (LF) backward propagating scattered 

wave. Energy transfer, accompanied by the develop-

ment of the absolute instability, leads to the system 

self-excitation in the absence of external resonators. 

This allows for a smooth frequency tuning by varying 

energy of the electron beam.  

The model, where SRB regime take place, is pre-

sented in Fig.1. Here the pump wave concurrent with 

the electrons is scattered on the magnetized cylindri-

cal electron beam in the waveguide, into the backward 

signal with a frequency downshift. The strong guiding 

field can increase the transverse oscillations of the 

electrons in the pump field. However, the magnetic 

field should be far from the values corresponding to 

the cyclotron resonance with the pump wave. Other-

wise, excitation of parasitic cyclotron oscillations 

leads to the violation of combination synchronism 

conditions. 
 

0H

||V

 
Fig. 1. The model of scattering of the concurrent pump 

wave into the LF backward wave 

 

In case of sufficiently large density of electron 

beam, it can be considered as a material medium sup-

porting the space-charge waves. Pump wave leads to 

the excitation of the Fast Space-Charge Wave 

(FSCW) possessing positive energy in the absorbing 

beam. As a result, selecting appropriate combination 

synchronism detuning, leads to emerging of SRB on 

space-charge waves with next synchronism condi-

tions: 

i i s s phV h V              (1) 

where p  is the longitudinal plasma frequency, i,s – 

indexes of pump and scattered waves corresponding-

ly. 

This process described by a three-wave interac-

tion equations, which include the equations for a HF 

pump wave, an LF scattered wave and a FSCW: 

              ib

i s s

s

b b i

dA dA dA
A A A A A A

dz dz dz
            (2) 

with boundary conditions 

00 0
0       0       b iz z L zs iA A A A

  
    

where , ,b i sA A A - normalized amplitudes of space-

charge wave, pump wave and scattered wave corre-

spondingly, L  - normalized length of scattering re-

gion. 

Equations (2) possess the following integrals: 
2 2 2 2 2 2 2

0 0 0         i s i s s b sA A A AAAA               (3)  

where 0 0s sA A
 

  is the signal wave amplitude at the 

output of the electrodynamic system. Taking into ac-

count (3), the equation for the signal wave amplitude 

reduced to the form: 

2 2 2 2 2

0 0 0

s

i s s s s

dA
A A A A A

dz
                 (4) 

In the steady state oscillations regime, the longitudi-

nal distributions of the wave amplitudes are repre-

sented by Jacobi elliptic functions (Fig.2). 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Longitudinal amplitude distributions in the steady-

state oscillations regime 

 

For instance, integrating (4) yields:  

0 0[ , ]s s iA cn A zA                            (5) 

Here 
2 2

0 0/s iA A   is the quantum yield (the number 

of pump quants transformed into the signal quants), to 

be found from equation: 

0 ( )iA L K                                  (6) 
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0iA

0sA

Z
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where ( )K x  is the complete elliptic integral of the 

first kind. Fig. 3 shows that quantum yield tends as-

ymptotically to unity as the length of scattering region 

L  increases and when L  is two times greater than 

starting value stL  almost all pump power transferred 

to the scattered signal. Starting value stL  can be 

found from the self-excitation condition, derived from 

(6) at 0 : 

0 2i stA L                               (7) 

In physical variables, equation (7) can be re-

written for the oscillator starting current:  

   , ,2 2 2
14 70

0 02 4 4 4

2 2
82

2
2

i is sm p m p

wi s

st

i

c b

s ir D N NP h h
I I

P T l r


 


      

Here l  - the length of scattering region, T  - coupling 

coefficient, 0 17I kA , 0 8.7P GW , 1D  - space-

charge forces depression coefficient, 
,j j

j

m p
N - wave-

guide mode norm and P  is the input pump power. 

Estimations were carried out for the input 

pump power 1P MW  at wavelength 2i mm  . 

Radius and length of the scattering section were cho-

sen to be 6wr mm  and 30l cm , correspondingly. 

Magnetic field 0H  was taken 3% off cyclotron reso-

nance value. Both pump and scattered waves were 

assumed to be 1,1TE  modes of the cylindrical wave-

guide. Calculations show (Fig.4) that there exists an 

optimal radius of the electron beam 
minbr  providing the 

minimum value of the starting current. For 1,1TE  

mode 1.6
minbr mm . 

,stI A

,br mm

 
Fig. 4. Dependence of the starting current on the electron 

beam radius 

 

Further calculations were carried out for 


minb br r . As can be seen from (Fig.5-a), in the case 

when electron energy is in the range of values 

2 20U keV   starting current does not exceed 6А  
and remains much less than the limiting current of the 

cylindrical waveguide maxI . The magnitude of fre-

quency tuning (Fig.1.4-b), is found from the synchro-

nism condition (1) and is 20-40% of the pumping fre-

quency, when electron energy is varied in the same 

interval of electron energies as in (Fig.1.4-a). The 

change in the frequency of the scattered wave in the 

range of 5-7% is achieved by varying the electron 

energy within the limits of 2.5keV . 

а) б)

,U КэВ ,U КэВ

stI
maxI,I A ,%i s

i
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Fig. 5. a) Dependence of limiting (dotted curve) and 

starting (solid curve) current on electron beam energy, b) 

Dependence of relative magnitude of frequency tuning on 

electron beam energy 

 

Magnitude estimations of the electric field on the 

waveguide surface shows that its values does not ex-

ceed 17kV/cm and therefore breakdown will not de-

velop. Also an important parameter for estimation is 

the typical scale of the fields insertion swL . To obtain 

radiation on the combination synchronism, without 

oscillations at cyclotron resonance   s HsVh , an 

adiabatically smooth insertion of the fields is neces-

sary  
0

1

0 ~ 2H swL V  , when only stimulated 

oscillations of the electrons are excited. The estima-

tion of the length swL  for the electron energy range 

2 20U keV   shows that swL it is within the limits 

of 2.5 3cm . 

This work was supported by the Russian Scien-
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In recent years, significant progress has been 

made in the development of high-performance gyro-

trons and various applications based on them [1, 2]. In 

the gyrotrons of the millimeter wavelength range the 

resonators (cavities) in the form of waveguides of 

variable cross section are used. In the operating 

regime, they radiate into the output waveguide one 

rotating operating TEmp mode with azimuthal m and 

radial p indices. These resonators have the so-called 

minimum diffraction Q-factor, determined by the ratio 

of the resonator length to the wavelength of the radia-

tion. The existence of this quantity is due to the opera-

tion of the resonator at the quasicritical frequency of 

the working mode and the presence of a "diffractive" 

single-mode output from the resonator. The existence 

of a lower limit of the diffraction Q-factor (at a finite 

value of the ohmic Q-factor) limits the power that can 

be obtained from a gyrotron with a given mode.The 

increase in power is achieved by increasing the sur-

face area of the resonator, for which it is necessary to 

increase its cross section. However, this is possible up 

to a certain limit because of the thickening of the 

spectrum of eigen frequencies of the resonator and the 

deterioration of the mode selection. Thus, the possi-

bilities of increasing the output power and operating 

frequency are limited, especially in gyrotrons working 

on gyrofrequency harmonics. Overcoming this 

limitation is possible with the use of resonators in 

which the minimum value of the diffraction Q-factor 

is not limited so rigidly by their length. In this paper 

the results of a study of several variants of gyrotrons 

with echelette-type resonators are  presented. 

Echelette resonator is one of the possible resona-

tors with the required properties. In comparison with 

conventional resonators, the power flux density to the 

wall here can be reduced severalfold. The principles 

of constructing echelette resonators are described in 

[3-6]. In such resonators the operating modes are 

formed by reflection of waves from corrugated sur-

faces in an autocollimation regime. Three types of 

echelette resonators are discussed: a) two-mirror reso-

nator, in which the field is represented as waves prop-

agating towards each other, b) three-mirror resonator, 

in which only one mirror is corrugated, and the field 

represents a wave traveling along the azimuth, c) an 

axially symmetric resonator with a corrugated surface. 

Resonators a) and c) are investigated in this paper in 

more detail.  The electron beam is assumed to be 

axially symmetric, which has by now been well de-

veloped. However, in some cases, in particular for a 

two-mirror circuit, it is advisable to use ribbon beams 

to increase the efficiency and additional selection. 

In Fig. 1 the profile of the axially symmetric 

echelette resonator, RF field distribution (a), and the 

photo of this resonator (b) are presented. The 

resonator has sinusoidal corrugation and was designed 

to operate at the 1st harmonic of the gyrofrequency 

and a symmetrical operating mode. 

The operating frequency of the gyrotron is 

150 GHz and the accelerating voltage - 80 kV. With 

the chosen parameters of the resonator and the 

electron magnetron-injector gun described in [7], the 

theoretical value of Q  4200 provides the 

achievement of the maximum value of electron 

efficiency. 

 
(a) 

  
(b) 

Fig. 1. The profile of the echeltte resonator and the distribu-

tion of the high-frequency field (a) and the photos of the 

resonator and its part (b) 

An experimental study of the gyrotron was car-

ried out according to the routine scheme using the 

apparatus described in [8]. The dependences of the 

pulse output power P (pulse duration τ = 50 µs at 

repetition frequency f0 = 5 Hz) on the magnetic 

induction in cryomagnet B0 (current in the solenoid) 

were obtained at a voltage U = 80 kV for different 

values of the electron beam current Ib taken from 

cathode (see Fig. 2).  

The experimental data demonstrates only one os-

cillation in the magnetic field tuning band. A high 

value of the output efficiency   32 % took place at 

the current of the electron beam Ib = 35 A. Thus, the 

axially symmetric echelette gyrotron has a much more 

sparse spectrum of eigenfrequencies and a noticeably 

lower specific thermal load on the resonator walls 

compared with the canonical gyrotron (1.8 times) 

with a close efficiency. The decrease in the thermal 

load is due to both a decrease in the quality factor in 

comparison with a cylindrical resonator of similar 

length and a certain increase in the surface. 
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Fig. 2. Dependence of the output power of the gyrotron on 

the magnetic field in the resonator for different values of the 

electron beam current 

For a number of applications a two-mirror version 

of the echelette gyrotron is interested. In this variant, 

there are some possibilities for frequency tuning and 

the radiation output system is simplified but with the 

use of a cylindrical beam an efficiency decrease of 

1.5-2 times is inevitable. This scheme is the develop-

ment of gyrotrons with a quasioptical resonator with 

additional selection due to the echelette mirror. Fig. 3 

shows a gyrotron in which a two-mirror echelette re-

sonator is used. Here the RF field can be represented 

in the form of waves propagating towards each other. 

 

 

Fig. 3 Scheme of the gyrotron with a two-mirror echelette 

resonator 

Calculations carried out for gyrotrons with two-

mirror echelette resonators operating at the third har-

monic of the gyrofrequency demonstrate the promises 

of these systems. Estimations of the Q-factor of reso-

nators and start-up regimes for these gyrotrons were 

performed. The electron beam was assumed to be 

axially symmetric and had the same design parame-

ters as indicated above. The possibilities of smooth 

tuning of the frequency in such systems were investi-

gated. Calculations show that the use of two-mirror 

echelette resonators in gyrotrons operating at the 1st 

to 3rd harmonics of the gyrofrequency makes it poss-

ible to realize a smooth tuning of their operating fre-

quency in the band of about 1% by varying the dis-

tance between the mirrors and corresponding correc-

tion of the magnetic field. 

To increase the efficiency and additional selection 

in a two-mirror scheme it is expedient to use ribbon 

beams. For the same purposes, it is also possible to 

develop cylindrical beams with axially inhomogene-

ous emission. The development of electron-optical 

systems for the formation of such beams has its own 

specifics and is in the initial stage. 

A three-mirror echelette resonator consisting of 

one echelette (corrugated) and two smooth mirrors 

possesses all the advantages of a two-mirror resonator 

exceeding its efficiency in the use of an electron beam 

of a cylindrical configuration. 

Theoretical and experimental studies have shown 

that the axially symmetric echelette gyrotron has a 

significantly more rare spectrum of eigenfrequencies 

and a lower thermal load (by a factor of 1.8) on the 

resonator walls compared to the canonical gyrotron 

with close efficiencies. This allows us to hope for 

obtaining in the echelette gyrotrons more power at 

long-pulsed and continuous regimes. The output radi-

ation in the form of a conical wavebeam can be con-

verted, for example, into the TE01 wave of a wave-

guide of circular cross section. 

The performed analytical estimations and results 

of numerical simulation show the possibility to realize 

the smooth frequency tuning within the band of about 

1 % in the gyrotrons with two-mirror echelette reso-

nators operating on the 1-3th harmonics of the gyro-

frequency. 

Echelette gyrotrons have great prospects, but in 

their calculation and manufacturing technology se-

rious problems are encountered. A complex structure 

of the output radiation requires the development of 

new variants of the converter. 
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In currently existing conventional linear accelera-

tors fed by klystrons operating in S-band and X-band, 

acceleration gradients typically not exceeded 

100 MV/m [1]. This is the reason why for electrons 

acceleration up to high energies long and, correspond-

ingly, cost-demanding setups are required. Substantial 

increase in acceleration gradient would allow for 

practical implementation of colliders with TeV power 

level of colliding particles; for substantial improve-

ment of parameters and/or reducing the cost of X-ray 

free electron lasers currently being designed; for de-

velopment of compact accelerators for radiography 

with sub-nanosecond synchronization and definition, 

for medical, industrial and other applications, etc. 

Correspondingly, this problem became a subject of 

rather intense investigation including the development 

of brand new concepts such as laser-plasma and 

beam-plasma acceleration, and also acceleration in 

optical nanostructures. However, investigations on 

improving the conventional schemes of accelerators 

based on electrons acceleration in hollow metallic 

non-superconducting (“warm”) structures fed by RF 

radiation remain relevant. Increasing the acceleration 

gradient in so-called "warm" accelerators operating at 

room temperature is limited by effects of near-wall 

breakdown and pulsed thermal heating of the walls 

which limit the accelerating field values and deterio-

ration of the structures surface under cyclic action of 

powerful microwave radiation. Despite the fact that 

investigations of breakdown phenomena and of walls 

heating have been conducted for several decades al-

ready, the only efficient method of suppressing these 

negative effects is considered to be the use of systems 

operating in the short pulse regimes when those ef-

fects have no time for settling. At that, shortening of 

RF pulse with simultaneous increase of its frequency, 

which would increase the shunt resistance considera-

bly, would allow for relatively easy way of reaching 

accelerating fields of about 200 MV/m and more 

without exceeding threshold heat loads and surface 

breakdown fields. Whereas at higher frequencies the 

output power of RF klystrons conventionally used in 

accelerators decreases, the problem of design and 

development of high-power high-efficiency pulse 

sources operating in millimeter wavelength range. 

In this paper we propose to use for the purpose of 

high-gradient particles acceleration the new class of 

pulsed relativistic RF generators based on the Cher-

enkov superradiance (SR) of high-current extended 

electron bunches. Currently, SR generators provide 

record-breaking power level in mm wavelength range 

up to 2 GW in ultrashort pulses with a duration of 

250-300 ps [2]. Investigations conducted lately show 

viability both of further increase of SR pulses peak 

power at 8-mm wavelength band (due to coherent 

summation of such pulses [3,4]) and for advancement 

of SR generators into the short-wavelength part of the 

millimeter band with a power level of 50-70 MW due 

to using oversized electrodynamic structures [5].  

In experiments on particles acceleration the ex-

perimental setup [4] consisting of two synchronized 

high-voltage RADAN modulator could be used. 

Based on the electron beam in the first section, pulsed 

high-frequency radiation would be generated. The 

accelerating structure would be positioned on the 

course of the electron beam in the second section. 

Thus, a nanosecond or subnanosecond RF radiation 

pulse after transmission through the quasi-optical line 

and reflection from the special reflector at the cathode 

side would feed the positioned structure in the regime 

of wave co-moving with the accelerated beam. Fur-

ther results of PIC simulations are presented for two 

experimental configurations. 

 

 
(a) 

 
(b) 

Fig. 1 (a) Geometry of a pillbox-type resonator with distri-

bution of em field of a SR pulse. (b) The energy distribution 

of an electron beam with an initial energy of 300 keV (the 

maximum energy of the accelerated fractions is of 1.3 MeV, 

the acceleration gain is of 550 MV/m). 

 

In the first experiments, SR pulses would be used 

at 38 GHz frequency with a duration of up to 250 ps 

and power of ~500 MW. In this combination of pa-

rameters, acceleration in short half-wave resonator is 
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of interest, which allows to obtain rather high acceler-

ation gradient. Pillbox-type resonator at TM010 mode 

(see Fig. 1) with loaded quality factor of Q = 30 at the 

resonance frequency is capable of providing maxi-

mum accelerating field on the axis when fed by a 

pulse with duration of 250 ps. According to simula-

tions, maximum acceleration gradient reaches 

550 MV/m with surface waves of up to 650 MV/m. 

Maximum energy gain at the parameters stated would 

be more than 1 MeV. 

It should be noted, that implementation of the de-

scribed scheme at higher frequency, 140 GHz, is of 

unquestionable interest. At the pulse parameters 

(200 ps, 50 MW) obtained in experiments on pulse 

generation [5], acceleration gradient twice as high 

could be obtained as the parameters of the experiment 

to be conducted at 38 GHz frequency. Accelerated 

electrons energy would be less (up to 700 keV), but 

due to smaller resonator dimensions, accelerating gra-

dient and surface fields appear to be larger. 
 

 
(a) 

 
(b) 

Fig. 2 (a) Geometry of an accelerating structure  with distri-

bution of em field. (b) The energy distribution of an electron 

beam with an initial energy of 300 keV (the maximum en-

ergy of the accelerated fractions is of 14 MeV). 

 

In the second experimental configuration, a rela-

tively long (2.5 ns) electromagnetic pulse with a pow-

er of up to 100 MW at the 38 GHz frequency generat-

ed by a relativistic BWO would be used for feeding of 

periodic hollow metallic structure with a length of 10 

cm (see Fig. 2). Such 2π/3 structure consists of cou-

pled accelerating cells with a length of 3 mm. Group 

velocity in the structure should be 11% of the velocity 

of light according to the considerations of its full 

feeding by a 2.5 cm pulse, shunt resistance of about 

90 MOhm/m and the cells Q-factor ~3500. These pa-

rameters are close to those of the CLIC structure at a 

frequency of 30 GHz (Rsh = 97.5 Mohm/m, Q = 

3900, Vgr/c = 7%). According to simulations, aver-

aged over the length acceleration gradient would be 

220 MV/m with gained accelerated particles energy 

over 20 MeV. Such an experiment is of considerable 

interest because it simulates a so-called RF gun, 

which represents a source of electron beams of 

accelerators with higher energies (in the presence of 

synchronized laser providing the photoemission of the 

electron bunch). Implementation of such gun layout 

would allow for decrease of the dark current, break-

down frequency and potentially higher brightness of 

accelerated electron bunches comparing to conven-

tional design. 

 

This research was performed within the 

framework of the RAS Presidium project No. 10 
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The project of third harmonic medium power W-band gyrotron 

A.S. Zuev1, A.P. Fokin1, M.Y. Glyavin1, R.M. Rozental1, A.S. Sedov1, E.S. Semenov1 

1IAP RAS, Nizhniy Novgorod, Russia, alan.zuev@yandex.ru

One of the most interesting ranges is the W-band 

due to the presence of a transmission line in this range 

in the atmosphere, which is used for communication, 

radiolocation, security and for other applications [1-

4]. These applications require continuous and pulsed 

W-band sources. One of the powerful devices in this 

band is the gyrotron [5]. The gyrotron is a vacuum 

electronics device based on the interaction between an 

electron beam and microwave fields, which coupling 

is achieved by the cyclotron resonance condition. 

High power subterahertz and terahertz radiation gyro-

trons require strong external static magnetic field typ-

ically provided by a superconducting magnet. Such 

magnets are quite expensive; moreover they require 

special operating conditions. 

One way to reduce the cost of this device is to 

develop gyrotrons operating at higher harmonics on 

the cyclotron frequency, in which the required exter-

nal magnetic field in the interaction space is signifi-

cantly less and allows the use of low-cost versions of 

magnetic systems. At present, there are projects of 

"warm" (i. e., with liquid or oil cooling) magnets with 

а cavity diameter sufficient for the gyrotron and the 

magnetic field level of more than 1 T [6]. The opera-

tion at high harmonics on the cyclotron frequency in 

gyrotrons encounters the problem of competition of 

modes, synchronous with lower harmonics of the 

electron beam. In addition, in order to reach the effec-

tive electron-wave interaction for operation at high 

harmonics, on needs to use resonators with higher 

quality factor. It leads to an increase in ohmic losses 

and, consequently, a drop in the output power for the 

same parameters of the electron beam. In this report, 

we consider the project of a gyrotron at frequency 95 

GHz of medium power operating at the third harmon-

ic. To solve the problem of mode competition, it is 

planned to use a relatively unusual method - the addi-

tion of an annular diaphragm in the output part of the 

resonator (fig 1). By introducing the annular dia-

phragm, it is possible to reduce the diffraction quality 

factor and, respectively, to increase the starting cur-

rent of the competing mode. 

For the operation of the gyrotron at the third har-

monic, mode TE1,3 was chosen. This mode is isolated 

from modes operating at the fundamental harmonic, 

and is almost isolated from modes synchronous with 

the second harmonic. The nearest competitor for it is 

the counterrunning wave TE1,2 on the second harmon-

ic. The gyrotron was designed for operation at an ac-

celerating voltage 30 kV. We used a model with a 

non-fixed structure of the RF field taking into account 

the velocity spread of the electron beam. The depend-

ences of the starting currents on the magnetic field for 

the working and competing modes were calculated 

and shown in figure 2. The presence of a parasitic 

mode in the excitation region of the operating mode 

limits the operating current to 3 A and ultimately de-

termines the maximum possible output power of the 

gyrotron. In this case, at the operating current 3 A the 

optimum length of resonator is 62 mm with the output 

efficiency 5.8%, while the share of ohmic losses is 

64%. On the other hand, if one can effectively sup-

press the parasitic mode, it would be possible to in-

crease the operating current, at which the optimum 

length of the resonator becomes less. In particular, at 

operating current 10 A the maximum efficiency 

11.4% is achieved with the optimum resonator length 

49 mm. Figure 3 shows the dependence of the share 

of ohmic losses and the output efficiency on the reso-

nator length at operating currents 3 A and 10 A. In 

addition, the length of the resonator is limited by the 

characteristic size of the magnetic systems. For fur-

ther calculations, the resonator length 50 mm with the 

output efficiency 4.7% at current 3 A and the output 

efficiency 11.3% at current 10 A was chosen. For a 

longer resonator length it becomes difficult to realize 

a homogeneous section of the magnetic field in the 

interaction space. 

Fig. 1. General view of the cavity profile with an annular 

diaphragm (dashed line) and longitudinal structure of RF 

field (solid line). 
 

One of the electrodynamic methods of suppress-

ing the parasitic mode in the gyrotron is the addition 

of an annular diaphragm in the output part of the res-

onator. This method of solving the problems of mode 

competition was proposed earlier, for example, in [7], 

where the influence of the "external reflector" on the 

quality factors of the neighboring longitudinal modes 

was considered. By solution of the cold problem of 

the longitudinal field structure in the entire volume of 

the gyrotron electrodynamic system, the parameters of 

the annular diaphragm for optimal mode selection 

were chosen. The system with the annular diaphragm 

drops the diffractive quality factor of the competing 

TE1,2 mode by more than four times, while the diffrac-

tion quality factor of the operating mode remains at 

the same level. Figure 2 shows that the addition of the 

annular diaphragm results in a significant increase of 

the starting current of the parasitic mode TE1,2 in the 
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field of excitation of the operating mode. Also the 

starting current of the TE1,3 mode nearly unchanged. 

The new electrodynamic structure allows to increase 

the operating current up to 10A and thus to increase 

the output power by 7 times. 

Fig. 2. Dependence of the starting currents on the magnetic 

field for the operating mode and the main competing mode 

in a gyrotron at a frequency of 95 GHz with a traditional 

electrodynamic structure (solid lines) and with diaphragm 

(dashed lines). 
 

 
Fig. 3. Dependence of the share of ohmic losses and the 

output efficiency in the gyrotron on the resonator length at 

operating currents of 3 A and 10 A. 
 

The estimation of the stability of this method of 

mode selection for errors in the manufacture of a gy-

rotron allows us to hope for scaling this method to the 

region of higher frequencies. Further development of 

the system consists of optimization of the resonator 

profile, which will reduce the share of ohmic losses 

while maintaining high efficiency, and also exclude 

the possibility of transforming the operating mode 

into modes with other azimuthal variations. In addi-

tion, an experimental verification of this selection 

method is planned. 

 

The paper is based on the research results, which 

was conducted in the framework of projects of the 

Russian Science Foundation No17-79-10422. 
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For drastic increase in the output power of short-
wavelength gyrotrons, we suggest to use the planar 
scheme with a sheet electron beam and transverse 
(with respect to the electrons translation velocity) 
electromagnetic energy extraction. The main advan-
tage of this scheme comparing to the conventional 
cylindrical geometry is the possibility of effective 
mode selection over the open transverse coordinate in 
combination with radiation out-coupling, which leads 
to substantial reduction of Ohmic losses [1, 2]. The 
formation of ribbon helical electron beam (HEB) in 
planar magnetron-injection gun (MIG) was demon-
strated in [3]. In this paper we consider gyrotrons and 
gyroklystrons of planar geometry driven by sheet 
electron beams. Possibility of power increasing and 
selectivity improvement in the terahertz band is 
shown.  

High-Order Cyclotron Harmonic Excitation in a 
THz-Range Planar Gyrotron 

An additional advantage of the planar scheme is 
the peculiarity associated with excitation of odd 
( s  1,3...) and even ( s  2,4...) cyclotron harmonics. 
Under assumption that the sheet electron beam is in-
jected in the middle of the cavity between the plates, 
the interaction at odd cyclotron harmonics occurs only 
for resonator modes with odd transverse indexes 
n  1,3..., while interaction at even harmonics occurs 
only for modes with even transverse indexes 
n  2,4.... Moreover, for example, for operation at the 
second harmonic it is beneficial to use an even reso-
nator mode with indexes n  equal to doubled even 
number. In this case interaction at second harmonic 
will be not accompanied by simultaneous excitation 
of a lower order mode at the first cyclotron harmonic 
due to the coupling factor for the 1st harmonic with an 
even mode is equal to zero. From the other hand, for 
excitation at the odd cyclotron harmonic the number 
of the resonator mode should not be dividable by s . 
For example, for s 3 , the resonator mode number 

may be n 5,7,11... . In this case the parasitic mode at 

the 2nd cyclotron harmonic is not excited. At the same 
time, excitation at the 1st cyclotron harmonic can be 
suppressed due to sensitivity to the spread of electrons 
velocity and due to additional diffraction losses 
caused by some penetration of low-frequency running 
wave through collector narrowing. 

Further results of simulations of 1.2 THz planar 
gyrotron operating at the 3d cyclotron harmonic are 
presented. Simulations were carried out in the frame 
of averaged multi-modes approaches: 
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Here na  is the amplitude of the nTE  mode excited at 

the ns  harmonic of cyclotron gyrofrequency, p  is the 

transverse electron momentum, n  is the cyclotron 

resonance detuning, nI  is the parameter proportional 

to electron current and the coupling factor  nG y , 

n  is the parameter of Ohmic losses proportional to 

the skin depth. Due to the diffraction extraction of 
radiation is realized in transverse x direction (Fig.1a),  
at the edges of interaction space the nonreflecting 
boundary conditions may be applied. In the direction 
of translational motion of electrons the waveguide is 
considered to be closed by cut-off necks. Thus we can 
apply zero boundary condition along z coordinate.  

 

(a) 

 
(b) 

 
Fig. 1. (a) Scheme of a planar gyrotron with transverse 
energy extraction: (1) - planar waveguide, (2) - energy out-
put channels, (3) - cutoff narrowing, (4) – sheet helical elec-
tron beam. (b) Dispersion diagram of competing modes in 

the case of exciting the 3d
 cyclotron harmonic. 

Simulations were carried out for following pa-
rameters: energy of electrons of 30 keV, electron cur-
rent of 6 A, pitch-factor of 1, the distance between 
plates of 0.9 mm, resonator length and width of 
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20 mm both. Three modes exciting at the 1st, 2nd and 
3d cyclotron harmonics were included in considera-
tion. Results of simulations (see Fig.2) confirm the 
possibility of selective excitation of the operating 

7TE  mode at the frequency of 1.2 THz. 

(a) 

 
(b) 

     
Fig. 2. Temporal dependencies of amplitudes of competing 
modes (a) and the transverse electron efficiency (b). 

Planar Gyro-Klystrons 

Using of planar configuration in gyro-klystrons is 
of interest as a method of increasing the power of 
output radiation. The considered scheme is presented 
in Fig. 3a. Analysis was carried out based on 3D PIC 
(Particle-in-cell) simulations using the code KARAT. 
Parameters of electron beam were following: energy 
of 20 kV, total current of 2 A, pitch-factor of 1.3. For 
distance between plates of 2.2 mm and excitation of 

the 3TE  mode the operating frequency was of 

200 GHz. According to simulations for input power of 
10 W output power achieves 4.5 kW. It corresponds 
to the amplification depth of 26 dB and efficiency of 
about 10%. 

 
 
 
 
 
 

(a) 

 
(b) 

 
(c) 

 
Fig. 3. (a) Scheme of gyroklystron of planar geometry. 
(b), (c) Field distributions in the input and output resonator 
over x and y coordinates. 

 
The work was supported by the Russian Science 

Foundation under grant No. 18-19-00704. 
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Abstract 

The frequency increase of the slow-wave electron 

devices is accompanied by inevitable increase of the 

electron current density and ohmic losses which 

strongly restricts the attainable power. In recent years, 

the use of the spatially-developed sheet electron 

beams is considered as the major way to develop the 

medium-power slow-wave devices at mm and sub-

THz waves. Hollow electron beams is another config-

uration which could be used for this purpose. The 

designs of the oscillators and amplifiers in Ka-band 

and W-band with both sheet and hollow electron 

beams are considered and compared. 

Introduction 

The development of the powerful amplifiers in 

the millimeter and sub-terahertz wavelength ranges is 

one of the most topical problem in vacuum micro-

wave electronics. In particular, millimeter-wave am-

plifiers with an output power of several hundred watts 

are of interest for spectroscopy, telecommunications, 

remote sensing, and also as preamplifiers for even 

more powerful gyro-amplifiers. The difficulty of de-

velopment of traveling wave tubes (TWT) and ex-

tended-interaction klystrons (EIK) with the required 

parameters is caused largely by a very high required 

beam current density (up to 1 kA / cm
2
) if conven-

tional electron beam with pencil-like configuration is 

used. Due to evanescent nature of the synchronous 

space harmonic of the operating mode, this beam with 

high energy density should be guided in close proxim-

ity to the surface of the slow-wave structure in order 

to provide efficient electron-wave interaction. The 

non-perfection of the beam guiding system and high 

microwave fields inevitably results in some current 

deposition and, hence, a high heat load on the small 

elements of the slow-wave structure, in addition to 

ohmic losses. In order to alleviate the thermal regime 

of the devices, a use of planar sheet electron beams 

for millimeter-wave TWTs and EIKs are extensively 

studied in recent years [1-3]. The large width of the 

planar beam allows decrease of the required current 

density but increase of the total electron current. 

Therefore, the CW or average output power for the 

planar-beam slow-wave amplifier can be significantly 

higher than for the pencil-beam device. An alternative 

configuration of the spatially-developed electron 

beam is a cylindrical hollow thin-wall beam [4,5]. In 

this paper we consider both these options for devel-

opment of the slow-wave device with medium power 

at the millimeter wavelengths.  

Design of sheet-beam slow-wave TWT and BWO 

Two key points in the development of the sheet-

beam slow-wave devices are slow-wave structure and 

electron optical system. Presented design is based on 

a slow-wave structure consisting of two gratings 

shifted by half period relative to each other (Fig. 1). 

This structure is widely explored in recent years since 

it is simple, wideband, easy to manufacture and com-

patible with a planar electron beam [6]. The sheet 

beam can be provided by quasi-Pierce electron gun 

and then solenoidally focused and guided. The beam 

guiding in the solenoidal magnetic field seems to be 

simpler than periodic-permanent-magnet focusing 

system which is traditional for pencil-beam devices at 

longer waves. To reduce the magnetic compression 

ratio, a thermionic cathode with high current density 

of 30 A/cm
2
 can be used, similar to cathodes of low-

power submillimeter backward-wave oscillators, 

clinotrons and orotrons. Simulations predict that the 

beam which is 0.2 mm thick and 1.8 mm wide with a 

current of 300 mA (current density 80 A/cm
2
) can 

compressed and guided between gratings in 0.65 T 

magnetic field with less than 5 % of the total current 

being lost. Simulation made for W-beam TWT shows 

the possibility of obtaining an output power of 250 W 

at a voltage of 20 kV. The calculated gain is 26 dB in 

the linear regime and about of 21 dB in the saturation. 

For initial experimental verification of the electron-

optical system, a BWO with similar periodic structure 

was designed with the power of 200-300 W and 7 % 

tuning band (Fig. 2). The same cathode makes it pos-

sible to design the Ka-band BWO and TWT with 500-

W output power using beam guiding in the uniform 

magnetic field, without beam compression. 

 
Fig. 1. Calculated dispersion of the operating mode for de-

signed W-band TWT and line of synchronism with 20-kV 

electron beam. Inset: the staggered-gratings slow-wave 

structure with the smooth taper of the gratings near the col-

lector end of the interaction region. 
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 2 

 
Fig. 2. Calculated output power and frequency vs. voltage 

for sheet-beam W-band BWO with the staggered-gratings 

slow-wave structure. 

Design of hollow-beam BWOs 

The use of hollow electron beams permits a sig-

nificant increase in the diameter of the beam tunnel in 

comparison with the conventional pencil-beam slow-

wave electron devices. Hollow beam can efficiently 

interact with a lowest azimuthally-symmetric TM 

mode of the azimuthally-symmetric slow-wave struc-

ture. This configuration is similar to the relativistic 

high-current electron devices. However, the slow-

wave structures with deep corrugation should be used 

in non-relativistic devices due to weak electron-wave 

coupling in the millimeter wavelength range. W-band 

and Q-band axisymmetric BWOs has been designed 

on the base of 30 kV/1 A hollow thin-wall electron 

beam with an outer diameters of 1.6 mm and 3.4 mm, 

respectively. This beam is produced in a Pierce-like 

electron gun with the hundredfold magnetic compres-

sion (Fig. 3). Simulations based on the averaged equa-

tions and 3D PIC-code predict an output power of 

300-500 W (depending on the beam wall thickness) 

for W-band BWO and about of 800 W for Q-band 

BWO. 5% frequency tuning is simulated for the W-

band device. To reduce ohmic losses, the wave reflec-

tions at the collector end of slow-wave structures are 

minimized by using specially designed last matching 

tooth (Fig. 4).  

 

Fig. 3. Designed electron gun producing 30-kV, 1 A hollow 

electron beam with simulated electron trajectories. 

In conclusion, let us compare both configurations 

of the spatially-developed electron beams. The slow-

wave structures for sheet beam devices are easier for 

manufacturing, and they could provide wider frequen-

cy band. The electron-wave coupling for sheet-beam 

devices could be stronger since electrons travel be-

tween two gratings, while for hollow beam there is 

single grating at the outer side of the beam. On the 

other hand, the formation of the sheet electron beam 

is difficult due to diocotron instability, but this diffi-

culty can be avoided if cathodes with high emission 

density are used. 

 

Fig. 4. Calculated dispersion of the operating mode for de-

signed Q-band BWO and line of synchronism with 20- and 

30-kV hollow beams. Inset: the axisymmetric slow-wave 

structure with the matching tooth at the collector end. 

The development of the planar-beam devices is 

supported by Russian Science Foundation under grant 

No. 18-79-10252. The development of the hollow-

beam devices is supported by RFBR under grant No. 

16-08-01174. 
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Advancement of vacuum electronic devices into 

sub-THz and THz frequency ranges calls for over-

sized beam-wave interaction space due to the fact that 

that the dimensions of the beam guiding systems can 

not be reduced lower than the millimeter scale. Thus, 

in order to provide coherent THz radiation from the 

spatially extended beams, excitation of surface modes 

existing in 1D and 2D corrugated systems appears to 

be attractive [1,2,5,6].  

In this paper, we present recent results of theoreti-

cal and experimental studies of sub-terahertz genera-

tion based on excitation of surface waves by electron 

beams and extended bunches. Using oversized slow-

wave structures allows for a significant increase of 

total current and, correspondingly, radiation power. 

Based on superradiance of electron bunches, 150 ps 

superradiant pulses with a central frequency of 

0.14 THz, and an extremely high peak power of 50-

70 MW were obtained in the joint effort by the Insti-

tute of Electrophysics RAS and IAP RAS. We also 

report of the first successful experiments on the cylin-

drical 0.03 THz Cherenkov oscillator with a 2D cor-

rugation conducted at IAP RAS with an output power 

of 1.5 - 2 MW.  

Generation of Sub-THz SR Pulses Based on Exci-

tation of Surface Waves in Oversized Waveguides 

Cherenkov SR of electron bunch exciting the sur-

face wave in an oversized 1D corrugated cylindrical 

waveguide (Fig. 1a) can be considered within quasi-

optical approach [1]. In this case the radiation field 

near a shallow corrugation is presented as a sum of 

two counter-propagating TM polarized wave-beams: 

   Re( , , , , )i t ikz i t ikzH A z r t e A z r t e   
    , (1) 

propagation and mutual coupling of which is de-

scribed by two non-uniform parabolic equations. The 

synchronous interaction of electrons with a forward 

partial waves leads to development a self-bunching 

and formation of powerful SR pulse.  

 
Fig. 1. (a) Scheme of SR pulse generation with excitation of 

a surface wave in an oversized periodically corrugated 

waveguide. (b) Dispersion characteristics of a corrugated 

waveguide and an electron beam. 

 

Simulations show that the most optimal condi-

tions for SR emission correspond to excitation of the 

backward surface wave near the Bragg frequency (  - 

regime, Fig.1b). For parameters of an electron bunch 

formed by an accelerator RADAN (electron energy of 

300 keV, a total current of 2 kA, a bunch duration of 

500 ps) and a corrugated waveguide with the mean 

radius of 3.75 mm, corrugation period of 0.825 mm, 

and corrugation depth of 0.36 mm the operating fre-

quency in the resonant point is of 0.14 THz 

( 02 3.5r   ). In this case the power of generated SR 

pulse emitted in z  direction achieves ~200 MW for 

pulse duration of ~200 ps (Fig. 2a). As it is seen in 

Fig. 2b the instant spatial structure of the partial wave 

corresponds to formation of the evanescent surface 

wave with the field amplitude exponentially decaying 

from the corrugation. 

(a)

(b)

 
Fig. 2. SR emission with excitation of the backward surface 

wave: (a) generated SR pulse, (b) the structure of the for-

ward partial wave. 

 

1 ns1 ns

(a)

(b)

(c)

 
Fig. 3. Photo of the experimental set-up (a), corrugated 

waveguide and coaxial reflector (b) used for observation of 

superradiance with excitation of a surface wave. (c) Oscillo-

scope trace of the 0.14 THz SR pulse with duration of 

150 ps and peak power up to 70 MW. 

 

Based on a theoretical analysis, experiments on 

observation of the sub-terahertz SR pulse generation 

were carried out in IEP RAS (Ekaterinburg). Photo of 

the experimental set-up is shown in Fig. 3. A typical 
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oscilloscope trace of generated SR pulses with a dura-

tion of about 150 ps and a rise time of 100 ps recon-

structed in the “power-time” coordinates is presented 

in Fig. 3c. Frequency measurements using a set of 

cut-off waveguide filters show that the pulse spectrum 

has a central frequency in the interval 0.13-0.15 THz. 

The peak power of generated SR pulses was estimated 

by integrating the detector signal over the directional 

pattern and achieved of 50-70 MW, that strongly ex-

ceeds the value obtained in the previous sub-terahertz 

experiments [2] with single-mode waveguides. 

Ka-band surface-wave oscillator  

based on 2D periodical corrugated structure 

For spatially extended relativistic electron 

beams, the use of two-dimensional (2D) distributed 

feedback is beneficial for providing spatial coherence 

of radiation and can be exploited in order to increase 

the total radiation power in the microwave generators 

[3]. Such 2D feedback can be realized in planar or 

coaxial 2D Bragg structures (resonators) having dou-

ble-periodic corrugation (Fig.4a)  

cos( ) cos( )
4

r
r M h z M h zz z      ,     (2) 

which provides coupling and mutual scattering of the 

four wavebeams (Fig.4b), 

  tiihx

x

ihx

x

ihz

z

ihz

z eeCeCzeCeCxH )()(Re 00

 


 

e

grV

(a) (b)

e

grV

(a) (b)

 
Fig. 4. (a) Scheme of an oversized SWO with 2D corrugat-

ed structure. Directions of propagation of the partial wave 

fluxes and tubular electron beam are shown. (b) Diagram 

illustrating coupling of partial waves at the 2D corrugation.  

 

Experimental studies of free electron masers 

(FEMs) based on the novel feedback mechanism have 

been performed in Ka-band and in W-band in collabo-

ration with the Institute of Applied Physics RAS [4]. 

As a result, narrow-band generation with an output 

power of 50 - 100 MW, which is a record for millime-

ter wavelength FEMs, was obtained. 

At present, theoretical and experimental studies 

of Cherenkov masers with 2D distributed feedback 

are in progress [5,6]. Among relativistic masers of 

such type, surface wave oscillators (SWO) appear to 

be preferable due to the larger values of the electron-

wave coupling impedance. Besides, formation of a 

surface mode ensures the regular field distribution 

along the coordinate directed perpendicularly to the 

corrugated surface and, thus, can solve the problem of 

mode selection over this coordinate. In SWOs, a 2D 

periodic structure can be exploited both as a slow-

wave system and as a highly selective Bragg resona-

tor simultaneously. It provides effective mode control 

over azimuthal coordinate. 

Numerical simulations within the quasi-optical 

model and using 3D numerical codes show that the 

resulting mode to be excited in such system depends 

on the accelerating voltage rise time. In order to excite 

an azimuthally symmetric mode, this value should be 

small in the scale of the field excitation increment. 

Experimental investigations of the SWO with 

2D slow-wave structure based on the 

300 keV / 100 A / 4 μs SATURN thermionic accelera-

tor were conducted at IAP RAS [6]. The results are 

presented in Fig.5. Narrow-spectrum excitation of the 

3rd azimuthal mode was observed.  

(a) (b)

(c) (d)

(a) (b)

(c) (d)

 
Fig. 5. Results of experimental studies of oversized Ka-

band SWO based on the SATURN accelerator: (a) photo-

graph of double periodic slow-wave structure; (b) typical 

oscilloscope traces of the accelerating voltage (green curve), 

beam current (red curve), signal from a heterodyne mixer 

(brown curve) and output RF-pulse (blue curve); (c) spec-

trum of the output radiation and (d) dependence of the ra-

diation frequency on the accelerating voltage. 

 

This research was performed within the frame-

work of the state task (projects No. 0035-2014-012), 

and, in part, by RFBR Grant No. 17-08-01072 
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Within the framework of a quasi-optical ap-
proach, we develop self-consistent theory of relativis-
tic surface-wave oscillators [1]. Presenting the radia-
tion field as a sum of two counter-propagating wave-
beams coupled on a shallow corrugated surface, we 
describe formation of an evanescent slow wave. Dis-
persion characteristics of the evanescent wave follow-
ing from this method are in good compliance with 
those found from the direct CST simulations. Consid-
ering excitation of the slow wave by a sheet electron 
beam, we simulate linear and nonlinear stages of in-
teraction, which allows us to determine oscillation 
threshold conditions, electron efficiency and output 
coupling. The transition from the model of surface-
wave oscillator operating in the π - mode regime to 
the canonical model of relativistic BWO is consid-
ered. We also described a modified scheme of planar 
relativistic surface-wave oscillators exploiting two-
dimensional periodic gratings [2]. Additional trans-
verse propagating waves emerging on these gratings 
synchronize the emission from a wide sheet rectilinear 
electron beam allowing realization of a Cherenkov 
millimeter-wave oscillators with subgigawatt output 
power level. 

Simulations of surface-wave oscillators with con-
ventional single periodic slow-wave structures in 

the framework of a 3D model 

We start with consideration of a surface-wave os-
cillator driven by a sheet electron beam with a finite 
width of e

xl  over the x  axis (Fig. 1a). We should as-

sume that the field structure is non-fixed over all three 
spatial coordinates. Thus, 3D quasi-optical model was 
used in simulations [3].  

Results of simulations are depicted in Fig. 1 for 

the electron beam width of 10e
xl cm . At a relatively 

small width of the beam 5e
xl cm  the transverse 

(over x ) field structure possesses a regular symmetric 
distribution (an exponential decay in the y -direction 

perpendicularly to the corrugated structure takes place 
in all variants). For wider beams, for example, for the 

electron beam width of 10e
xl cm , multistability re-

gimes take place. For various initial conditions, we 
observed the excitation of both symmetrical and anti-
symmetrical modes, as shown in Fig. 1. For explana-
tion we analyzed the dependence of temporal gain on 
beam width for symmetrical and anti-symmetrical 
modes. For rather small widths, gain for the symmet-
rical mode strongly exceeds gain for anti-symmetrical 
one. Under such conditions, a regular symmetric dis-
tribution sets on in the steady-state regime. With in-
creasing beam width, gains for symmetrical and anti-

symmetrical modes (and other modes) become very 
close, which leads to multistability. 

Thus, diffraction of radiation in the x-direction is 
sufficient for formation of regular field structure over 
this coordinate while the beam size is restricted by 
Fresnel condition, 2 / 4 1e

F x zN l l   . For practical 

estimations of the conventional scheme of a surface-
wave oscillator we can take the beam width of 4-5 
wavelengths, which corresponds to the regular field 
distribution. For a relatively high electron efficiency 
of about 10 %, the total output power amounts about 
40 MW. For a metallic (brass) surface, Ohmic losses 
did not exceed several per cent of radiated power.  

(a) 

 
(b) (c) 

 
 

(d) 

 
Fig. 1. (a) Scheme of surface-wave oscillator with 1D peri-
odical gratings driven by a rectilinear sheet electron beam. 
Simulations of surface-wave oscillator based on 3D quasi-

optical model for electron beam width  10e
xl cm : 

(b) Temporal dependence of amplitude zĈ  , (c) distribu-

tions of amplitude zĈ   and phase  ˆarg zC   at the out-

put cross-section zz l  ( 0I  = 0.3 kA/cm, 0 3  , 

10zl cm ), (d) spatial distribution of this amplitude in the 

steady-state regime in the cross-section y = const. Solid line 
corresponds to excitation of symmetrical mode, dashed line - 
to anti-symmetrical one. 

It should be noted that in 3D quasi-optical analy-
sis we considered an idealized model of grating infi-
nite in the transverse x direction. On the basis of CST 
STUDIO SUITE software, we simulated a more realis-
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tic model of the grating with the same transverse 
width as the electron beam. In this case we found 
more severe restrictions on stability of single-
frequency oscillation regime. In fact, for electron 
beam and corrugation parameters indicated above, we 
observed single-frequency oscillation at the system 
width of up to 4-5 wavelengths. For larger width val-
ues, multifrequency generation regimes with simulta-
neous excitation of several modes with different num-
bers of variations over the x coordinate are more typi-
cal. 

Surface-Wave Oscillators with Two-Dimensional 
Periodic Structures 

In the case when the beam width substantially ex-
ceeds the wavelength, we suggest a more effective 
mechanism for provision of transverse radiation co-
herence based on the improved version of the slow-
wave structure, namely a double periodic grating 
[2, 3]. Similarly to free electron masers (FEMs) with 
2D distributed feedback, these gratings allow organiz-
ing additional transverse (with respect to the transla-
tional velocity of the electrons) electromagnetic en-
ergy fluxes that synchronize the radiation from wide 
sheet electron beams (Fig. 2). 

Based on quasi-optical approach [2, 3], we simu-
lated the operation of a powerful W-band relativistic 
surface-wave oscillator driven by a sheet beam with 
parameters close to those of the beam realized at a 
high-current ELMI accelerator (Budker Institute, No-
vosibirsk). We took the electron energy of 1 MeV, the 

beam width of xl =27 cm, and the linear current den-

sity of 0I =0.3 kA/cm.  

Onset of steady-state oscillations is shown in 
Fig. 2b. Temporal dependencies of energy fluxes ra-
diated from different edges of the interaction space 
demonstrate that in the variant under consideration the 
most part of the power is radiated in the backward and 
forward directions (Fig. 2c). The power associated 
with transverse fluxes is relatively small. In accor-
dance with the negative frequency, the shift from the 
Bragg frequency in the steady-state regime the partial 
wave fields are evanescent. In the (z, x) plane the par-
tial wave amplitudes possess bell-shaped profiles 
which are also similar to those found for the "cold" 
mode. Electron efficiency of about 10% at the chosen 
parameters corresponds to the integral radiation 
power of ~0.9 GW. 

 
 
 
 
 
 
 
 
 

 

(a) 

 
(b) (c) 

  

(d) 

 
Fig. 2. (a) Scheme of surface-wave oscillator with 2D peri-
odical grating. Temporal dependencies of (b) the efficiency 
and (c) the radiation power emitted in the different directions 
during the onset of a steady-state regime. (d) Spatial distri-

bution of partial wave-beam zĈ   in the steady-state regime 

( 0I  ≈ 0.3 kA/cm, 0 3  , zl =19.6 cm, xl =27 cm). 

 
The work was supported by the Russian Science 

Foundation under grant No. 18-79-10252. 
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The investigation of flux-flow regimes in the Jo-
sephson junction is of practical interest. In a long 
junction the mode of fluxon motion may occur under 
the action of external magnetic field in which solitons 
are created at one edge of the junction, move along 
the junction, and are radiated at the other edge. Such 
regimes can be useful in creation of THz band oscilla-
tors [1], heterodyne and Hilbert spectrometers. 

It is well known that the properties of thin YBCO 
films are very sensitive to the processes of formation 
of planar structures. New technology of preliminary 
mask (PM) with CeO2 buffer layer, which determines 
the necessary topology of the structure directly during 
the growth of the YBCO film has been developed [2-
4]. The exclusion of the etching operation of the 
YBCO film from the technological process is impor-
tant for structures with weak links, where the film is 
most sensitive to possible destructive factors. The PM 
method has been successfully used to create Joseph-
son junctions on a bicrystal YSZ substrate with a 
sublayer of epitaxial cerium dioxide CeO2 [2,4].  

As the results of preliminary study, the samples 
of Josephson junctions with 6-350 μm length and 0.3 
μm thickness have been fabricated on symmetric 24º 
[001]-tilt bicrystal YSZ substrate. 

 
Fig. 1. Schematic of the experiment and samples design. 

To register the radiation from long bicrystal junc-
tion the sample of Cold Electron Bolometer (CEB) [5-
8] was used. CEBs represent SINIS junctions with 
nanoabsorber made of aluminum with suppressed 
superconductivity. One CEB can receive up to 0.5 pW 
without going into saturation. Based on the require-
ments of the power load the 2D array of CEB realized 
as meander-type structure. CEBs are connected in 
series and parallel at DC for optimal matching with 
the amplifier. A pair of half lambda dipoles with wide 
electrodes is connected to another pair by high-
inductive 1 m wide lines. The design is optimized 
for the frequency band of 240-280 GHz. 

 In figure 1 the scheme of experimental setup as 
well as samples design are presented. The Josephson 
oscillator chip consists of several junctions integrated 
with planar dipole antennas. The substrate with the 
sample was attached to Si hyperhemisphere lens at the 
4 K plate. The bolometer with horn on the back side 
of silicon substrate was placed at the 300 mK plate. 
The absorbing shield was used to avoid reflections. 
The magnetic field perpendicular to the grain bound-
ary of HTSC sample was produced by a current 
through the copper wire coil, having the inner diame-
ter more than order of magnitude larger than the junc-
tion length.  

 
Fig. 2. CEB response for a different magnetic field through 
the YBCO generator. For clarity, each curve from the sec-

ond is shifted relative to the other by 0.25 mV. 

Changing the current through the Josephson junc-
tion the bolometer response was measured as well as 
the voltage on YBCO oscillator (Josephson frequency 
f = 2eVYBCO/ħ). Figure 2 shows the bolometer re-
sponse (received power) for different values of the 
external magnetic field. For clarity each curve from 
the second one is shifted relative to the other by 0.25 
mV. It can be seen that the response represents several 
distinct peaks and a pedestal. The maximum of this 
pedestal shifts towards higher voltage with increasing 
of magnetic field. 

Finding the maximum response for each fre-
quency for all values of the magnetic field, we obtain 
the frequency response of the radiating system to-
gether with the receiving system, figure 3. Comparing 
the result with the CEB amplitude-frequency charac-
teristic based on the calibrated backward-wave source 
(enlarged part of  Fig. 3), it can be concluded that the 
signal peaks are determined by the characteristic of 
the receiving system rather than the oscillating one. 
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Fig. 3. Maximum registered response of the bolometer de-
pending on the frequency of radiation. Comparison with 

experiments using BWO. 

In conclusion, the samples of YBCO long Joseph-
son junctions on YSZ bicrystal substrate have been 
fabricated using original technology of preliminary 
topology mask and good characteristics of the sam-
ples have been achieved. The observation of flux-flow 
regime in long grain-boundary junctions is evidenced. 
Using the cold-electron bolometer, the subTHz emis-
sion up to 900 GHz was registered. Magnetic field 
controlled regime make long junctions promising 
candidates for THz applications. It can also be used as 
a THz band cryogenic network analyzer in combina-
tion with a cryogenic bolometer. 

 
The work is supported by RSF (projects 16-19-

10478 and 16-19-10468). 
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