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A general approach to experimental modeling of Cherenkov and diffraction radiation in vacuum
electron devices employing periodic metal-dielectric structures is presented. The potential benefits
and drawbacks of this approach to the design of microwave devices are discussed. The approach
is based on resemblance of electromagnetic properties between the modulated electron beam and
the surface wave in a dielectric waveguide. A dedicated millimeter-wave experimental setup is
developed and constructed.
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1. Introduction

The research in vacuum electronics focuses mainly on the high power tubes develop-
ment [1, 2] even though there are many applications, such as, for example, spectros-
copy, satellite applications, communications and radio-astronomy, where low power
devices are required. Such applications usually use signal sources based on solid state
devices due to a compact size, light weight, and low power consumption even though
they provide low output power. Effective narrow band varactor frequency multipliers
have already been constructed up to 2.2 THz, while the experimental results of novel
types of varactors are yet only promising [3]. For example, the output power of 2 THz
sources does not exceed even several tens of milliwatt.

Vacuum electronics could become an alternative competitive technology. This,
however, requires low voltage signal sources development, which could be achieved
implementing planar metal-dielectric structures [4]. Such structures analysis is quite
complicated due to their specific properties related to excitation of Cherenkov and dif-
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fraction radiation [5] with a wide spectrum of spatial harmonics. The same issue in
sense of analysis has multilayered metal-dielectric nanofilms [6]. To this end, a general
theoretical and experimental methodology development to analyze electromagnetic
properties of metal-dielectric structures is required [7].

This paper describes the methodology for identification of modeling regimes for
Cherenkov and diffraction radiation. The diffraction radiation processes modeling is
realized using methodology described in [§] and tested using a millimeter wave ex-
perimental setup. Unlike in the numerical analysis, the suggested approach allows to
consider all physical process (the object of investigation is a real device prototype, not
a numerical model) which can be observed on real systems of such complicated con-
figuration (contains many periodic, multi-coupled metal-dielectric or resonance struc-
tures). In such conditions to set up the integral equations, will create a lot of difficulties.
On the contrary, experimental measurements allow the researcher to obtain precise
electrodynamic characteristics fast and relatively easy. The measured data is then com-
pared with the results obtained from simulations. The practical aspects of metal-dielec-
tric structures fabrication and implementation in low voltage vacuum devices are
discussed in the last section of the paper.

2. Objects of research

The approach of resemblance of electromagnetic properties between the modulated
electron beam and dielectric waveguide has been used in the current paper. Based on
that, let us start from the theoretical formulation of the problem and continue with the
approach on which the idea based. The system scheme based on the metal-dielectric
structure is shown in Fig. 1.

Planar electrodynamic system formed by surface z = —a of the strip periodic struc-
ture (/ — period, d — strips width) on the dielectric layer. Modulated monochromatic
electron beam moves close to the metal-dielectric structure with the volume oscillator
charge density p = p,d(z —a)expli(ky — wt)], where: p,—amplitude of the volume charge
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Fig. 1. Model of excitation of diffraction-Cherenkov radiation by an electron beam.
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density, d(z — a) — delta-function, 4 = (J, — a) — width of dielectric with permittivity e,
k= w/vy—wave number, w —radiation frequency, v, — initial electron velocity. Electro-
magnetic field in areas I (z > —a), Il (-6, <z <-a), IlI (z <-4, is as follows:

H' = HC+iZAnexp[iqn(z+a)}exp(ikny) (D
no_ . . .
H = IZ{CnGXp |:_lqng(z + a):| + Dn cXp |:lqne(z + 50)J}exp(lkny) (2)
mo_ o, . .
H = 12Fnexp[flqn(z+50)]exp(lknJ/) 3)
n
E' = E +5(-j/1 -2 +ke |4 explig, (z +a)|exp(ik, ») 4
C n n n n n
n
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; J c c nCXP| ~1qy,
E—Ti Tn
ATtk Dnexp[iqng(z+5o)} exp (ik,y) ()

gl - Z(JH + krn) FneXp[fiqn(er 50)} exp (ik,y) (6)

n

where 4,, C,, D,,, F,, — Fourier components of the diffraction field, and

H_, = ifFsign(z)exp(—qlz| + iky) @)
denotes electron beam eigenfield in free space,

E, = [—ji@-i— ksign(z)}Fexp(—q|z|)exp(iky) (®)
denotes electron beam proper fields in free space,

k = k+ 27;”, n=0,+1,+2, .. 9)

n

denotes spatial harmonic number,

g = kO = kal1-p (10)
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q, = k0, = kB J1 —1? (11)
9pe = kans = kﬂf\l €~ T;% (12)

f (13)

and F'=2np,, f = vy/c —normalized electron beam velocity, ¢ — light velocity, # = x/f,
x =1/, and 1 — radiation wavelength.

Depending on parameters «, £, and ¢, electromagnetic fields in Eqs. (1)—(6) consist
of radiated spatial and surface harmonics. Unknown Fourier components of the diffrac-
tion radiation, which are field surface harmonics amplitudes, can be found by solving
an electrodynamic problem in given current approximation. These harmonics satisfy
the accurate boundary conditions on the dielectric surface and Leontovich boundary
conditions on the metal surface as well. Electron beam eigenfield with its constant mo-
tion velocity v, is a heterogeneous plane wave. Such waves can be formed by a trans-
mission line as the plane dielectric waveguide with propagating £-wave [9, 10].

The approach based on resemblance of electromagnetic properties between the
modulated electron beam and the surface wave in a dielectric waveguide [11] has been
used in the current research. Similarly to the above-described technique, the scattered
field structure as the Fourier components of body and surface wave amplitudes is de-
fined for the electron beam radiation source. The field structure defining methods is
based on solving a problem in a given dielectric waveguide field approximation using
strict diffraction theory method.

The scattering systems general theoretical analysis with electron beams and dielectric
waveguides shows that in both cases, the diffraction radiation spatial harmonics can
be excited with appropriate parameters «, 5, and € on the metal-dielectric structure (in
Fig. 1 —traces 1, spread in free space). Traces 2 in Fig. 1 correspond to Cherenkov and
anomalous diffraction radiation [ 12] regimes. These traces are concentrated in the dielec-
tric volume and can come out through the metal-dielectric structure faces due to its total
internal reflection from side surfaces. Thus, the experimental modeling method [8]
(when an electromagnetic wave radiation of the electron beam space charge is modeled
by surface wave radiation of a planar dielectric waveguide) is an efficient technique
for new electrodynamic system modifications and research in various diffraction elec-
tronics devices.

2.1. Modeling regimes

Considering the normalized surface wave propagation velocity in a dielectric wave-
guide S, the electromagnetic wave radiation condition in free space, where only neg-
ative harmonics of diffraction radiation can exist, is

—<p, < (14)

|n| + x A 71—
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while in dielectric:
K K
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The angles of electromagnetic wave radiation in free space y,,, and in dielectric y,,,
for the S, given parameters are defined as

By (15)

Yy = acos(ﬁL + %j (16)
Vne = acos[@} (17)
g

here B, = v,,/c is the normalized phase velocity in the waveguide, v, is the absolute
phase velocity.

For parameters «, f8, and ¢, according to Eqs. (16) and (17), only spatial harmonics
with negative indexes n =—1, -2, -3, ... are excited in free space, and harmonics with
indexes n = 0, =1, £2, ... are excited in the dielectric. The zeros harmonic (n = 0) is
excited at an angle cos(y,,) = 1/(f,¢!/2) if the surface wave speed is eﬂfv > 1. Therefore
such a radiation can be referred to as Cherenkov radiation and the periodic structure
can be considered as a shield affecting the coupling coefficient between the dielectric
waveguide and the dielectric medium.

The previously described radiation regimes analysis can be performed by plotting
Brillouin diagrams [13, 14] for the given values of the medium dielectric permittivity.
Depending on parameters x, 3, and ¢, the distributed radiation source (electron beam or
dielectric waveguide) excites body or surface electromagnetic waves. Brillouin dia-
grams were obtained by solving the following inequalities graphically:

< e (18)

‘1//4-}1

<1, ‘114-11
K

K

The diagrams contain regions limited by straight lines x = +(5 + n), k = +(y + n)e "/,

which are denoted by numbers N;', and define most typical cases of excitation by
an electron beam (or dielectric waveguide surface wave): N=1— Cherenkov radiation;
N = 2 — surface waves; N = 3 — diffraction radiation into the dielectric medium;
N=4—simultaneous Cherenkov and diffraction radiations; N= 5 — diffraction radiation
into the dielectric (z < —a) and into free space (z > —a). The subscript s = 0, £1, £2, ...
corresponds to the spatial harmonic index radiated in the dielectric; the superscript
m=—1,-2, ... corresponds to the spatial harmonic index radiated in free space.

A wide range of low loss dielectric materials is currently available on the market.
It could be used for experimental modeling (materials with low dielectric constant ¢
such as Teflon, polystyrene, polycor) as well as for low voltage oscillators implemen-
tation based on metal-dielectric structures (materials with high dielectric constant &
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Fig. 2. An example of the Brillouin diagram for the radiation excited on the metal-dielectric structure
with a dielectric permittivity of ¢ =2 (a), ¢ = 100 (b). Solid lines — the boundary of harmonic body waves
existence in the dielectric, dotted lines — the boundary of harmonic body waves existence in free space.

such as ceramics based on barium oxide and titanium oxide [15]). The diagrams of
vs. n = «k/p,, for two values ¢ = 2 and & = 100 are given in Fig. 2 as an example.

The presented diagrams indicate that depending on &, various radiation or modeling
regimes can be realized by choosing parameters f,, and «. In particular, it is possible
to obtain both Cherenkov and diffraction radiation for non-relativistic electron beam
and high ¢ (refer to zones 1, 4, 4, 46’171, _, in Fig. 2b). In this case, the diffraction
harmonics with positive indices radiate at a sharp angle. Such zones realization for
a low voltage electron beam is not possible because they are located above the line
B, = 0.1 defining non-relativistic velocities of electrons. From practical point of view,
zone 3_; is most interesting for low voltage oscillators realization. For this zone the
diffraction radiation exists only in the dielectric structure but at much lower electron
velocities. Considering the specific conditions for excitation of such a spatial mode,
we will refer to it as an anomalous diffraction radiation. Zone Sj (Fig. 2b) is inter-
esting for low voltage orotrons realization.

2.2. Experimental setup

The experimental setup for generalized cases modeling is presented in this work. It allows
to investigate electromagnetic properties of different irregular structures (metal-di-
electric structures, planar and corrugated metallic gratings and others) by a surface wave
excitation using a dielectric waveguide. The setup consists of two main blocks (Fig. 3):
a system for network analysis and a system for radiation characteristics measurement
of the periodic structures (near field and far field characterization). Here, the structure
under test is a dielectric slab 1 with a planar diffraction grating 2. The slab 1 position



Modeling of diffraction radiation processes... 111

Setup for the measurement of reflection Setup for measurement of radiation characteristics
(transmission) coefficient

I } - —_=\
Sweep :CO””OL VSWR-meter s , 6 >«
generator e AN
< Inc. <A P_1g N
% % 7N 7 ¥ Poe
ADC A 4w Za S0
—9 Refl. 47 /A -fa 5
usB W<Z 7 7 7 PRI T 7 7 7>+l | Plotter
PC 4 3 X Y-1v 4
AN 6 ,7
. Tk }g, 4
8 8 D L)

.

Fig. 3. Block diagram of the experimental setup.

in all three dimensions is controlled with a precision of +0.1 mm. The dielectric wave-
guide 3 is connected to the system for network analysis and the matching load 5 using
transitions 4 and rectangular waveguides of corresponding dimensions. As it was shown
above, there are several regimes for surface waves transformation into the free space
waves, which depend on the dielectric waveguide parameters and the metal-dielectric
structure. The most important regimes are sketched out in Fig. 3 as radiation patterns,
where y is the radiation angle for the metal-dielectric/dielectric-waveguide structure;
@ is the corresponding radiation harmonics angle in free space after propagation
through the slab. In Fig. 3, x, y, z are the coordinates, 4 is the dielectric layer thickness,
a = 0.4 mm is the distance between the dielectric waveguide and planar grating.

The system for radiation characteristics measurement contains two mechanically
scanned horn antennas 6. The E-plain of the horn antennas is aligned with the vertical
plane of the grating 2, and H-plain is aligned with the longitudinal axis of the dielectric
waveguide 3. This allows the measurements in the range of ¢ = 10° to ¢ = 170° with
accuracy Ag = +0.25° in the far field, which is defined as z > a2 /4, where a,,, is the
antenna aperture largest dimension. During the radiation, the pattern measurement re-
sults received by the horn 6 signal are fed to the data plotter ¥ input, while port X is
connected to the receiving horn antenna positioning system. Such an arrangement al-
lows to acquire the radiation pattern which is then further processed on the computer.
The amplitude field distribution above the radiating system is measured in the near field
(z= 1) using the probe 7. The probe is a dielectric wedge connected to the standard wave-
guide using a transition. The signal from the probe 7 is detected, acquired by the data
plotter, and processed on the computer. The probe size is approximately 0.1 to 0.24,
which is chosen to minimize the parasitic influence on the measured field. The posi-
tioning system accuracy for the near field probe is 0.1 mm.

The system for network analysis (Fig. 3) consists of an SWR indicator, directional
couplers 8 with detectors connected to the indicator corresponding ports. The setup
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allows to measure the transmission coefficient or SWR in the desired frequency range
depending on directional couplers connection. The measured data is then digitized with
an analog-to-digital converter (ADC) and stored on a computer (PC) via USB interface
for further processing. The constant power level at the structure input under test is
achieved using an automatic power control circuit. The reflections from the dielectric
waveguide output are minimized by terminating it with a matched load 5. This matched
load is substituted with a power meter if the absolute power measurements are required.

2.3. Experimental modeling

The described experimental setup has been realized at frequency range from 53 to
80 GHz. The corresponding SWR meter has been used with a waveguide cross-section
3.6 x 1.8 mm?>. The dielectric waveguides made of Teflon (cross-section 5.2 x 2.6 mm?)
and polystyrene (cross-section 7.2 x 3.8 mm?) allowed to achieve surface waves
with B, from 0.6 to 0.8 and excite three spatial harmonics 1,, 3_; and 461_1, _, (refer to
Brillouin diagram in Fig. 2a) on the metal-dielectric structure. The metal-dielectric pe-
riodic structure samples have been fabricated using Teflon slab with a cross-section
54 x 60 mm? for three values of A A,=2/4,4,=],and 45 = 4A. The chosen cross-section
minimizes the multiple reflections influence from the ends on structure radiation char-
acteristics. The planar diffraction grating has been fabricated using a photolithography
process with £0.01 mm precision. The employed metal-dielectric structure parameters
for three fundamental free-space wave excitation regimes are given in the Table, where
parameter u = cos(nd/!) is a grating filling factor. It was chosen according to intensity
maximums of the main radiated spatial harmonics in the investigated zones.

T able. Metal-dielectric structures parameters.

Wave indices [ [mm] d [mm] K u /.

n =0 (in dielectric) 1.17 0.39 0.30 +0.5 0.788
n=0,-1,-2 (in dielectric)

n =-1 (in free space)

n=—1 (in dielectric) 1.36 1.084 0.35 -0.8 0.598

3.07 1.535 0.79 0 0.788

The experimentally obtained data has been compared with the simulated data. Sim-
ulations have been done using CST Microwave Studio. The measured data indicates
that the maximum directivity is achieved for prism thickness exceeding a wavelength.
Typical normalized radiation patterns (P/P,,,,, where P_,, is the maximum power of
the radiated harmonic with index n) of metal-dielectric structures having 4 = 1 param-
eters, which are given in the Table, are presented in Fig. 4.

As one can see from the data presented in Fig. 4a, the radiation patterns for
Cherenkov (7 = 0) and anomalous diffraction (n = —1) radiation (curve 1, solid line)
contain one lobe which agrees with the data obtained using finite-difference simulation
(curve 2, dotted line). For the diffraction-Cherenkov radiation regime (zone 45},1, D
in Fig. 4b) Cherenkov harmonics and diffraction harmonics, which are radiated in free
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Fig. 4. Experimentally (curve 1) and numerically (curve 2) obtained metal-dielectric structure radiation
patterns; Cherenkov and anomalous diffraction regimes (a), Cherenkov diffraction regime (b).

space through the dielectric (minus first harmonics), dominate and have approximately
the same intensity. This fact is caused by a corresponding value of the grate filling fac-
tor u = 0, when harmonics with » =—1 have maximum energy density. Diffraction har-
monic intensity with n =-2 (¢_,, = 140°) is lower than the main harmonic intensity by
order of magnitude and can be seen in Fig. 4b as a background radiation. The discrep-
ancy between the measured and simulated data can be explained by technological im-
perfections in metal-dielectric structure fabrication, as well as by the theoretical model
inaccuracy, which assumes that the metal is perfectly conducting.

2.4. Practical applications

The described metal-dielectric structure properties allow to analyze its implementation
perspectives. In particular, in various vacuum tube devices as well as electromagnetic
components in millimeter wave and terahertz range, where fabrication can be done us-
ing modern micro-fabrication processes [16, 17]. Figure 5a illustrates an open reso-
nator complex system with the metal-dielectric structure, which is formed of spherical
mirror with energy output and plane mirror with reflecting grating [18].
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12 Pout

Fig. 5. Schematic view of low voltage vacuum devices employing multi-coupled metal-dielectric struc-
tures: diffraction-Cherenkov generator (a), backward wave tube (b). Here 1 —the electron beam, 2 — the elec-
tron gun, 3 — the transit channel, 4 — the planar periodic metal-dielectric structure, 5 — the slow-wave
structure, 6 —the ribbon grating, 7 — the movable mirror, 8 —the coupling slot, 9 — the anode, 10 —the collector,
11 — the mirror (screen), and 12 — the energy output.

The metal-dielectric structure made as a dielectric resonator is placed between the
open resonator mirrors. Such electrodynamic system is basic in fabrication of diffrac-
tion-Cherenkov generators. Possible regimes of the diffraction-Cherenkov radiation
excitation by a distributed radiation source located nearby the dielectric prism edge
with the strip diffraction grating have been analyzed in Section 2 and presented in
Fig. 5a. Modeling of experiment showed that introducing the above-described metal-di-
electric structures into an open resonator causes new electrodynamic properties of such
system [4]: energy attenuation regimes in the open resonator, regimes of increasing
oscillations amplitude and its Q factor, oscillation selection can be realized with chang-
ing metal-dielectric structure parameters.

Such systems further research allowed to propose and prove concrete diffraction
electronics devices with space-developed resonator structures. Specifically, general-
ized diffraction-Cherenkov generator scheme is presented in Fig. Sa. Electron beam 1
is formed by the gun 2 and moves along the channel 3, which is shaped by adjoining
dielectric resonator 4 surfaces and slow-wave structure (diffraction grating) 5. This
slow-wave structure is located in the central part of the immovable mirror. Movable
mirror 7 with coupling slot 8 is used to extract the energy. Electrons interact with sur-
face slow wave field of the slow-wave structure 5. They are modulated in charge density
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and give their energy to open resonator volume and to dielectric 4 as well. The similar
concept to the low voltage backward wave tubes with several parallel slow-wave struc-
tures [19, 20] is presented in Fig. 5. The backward-wave tube diagram based on an anom-
alous diffraction radiation for a metal-dielectric structure (zone 3_; in Fig. 2b) is shown
in Fig. 5b. The arrows show the radiation wave direction from the metal-dielectric
structure. Figure 5 shows that the diffraction-grating/metal-dielectric structure or par-
allel metal-dielectric structures at acceleration voltages U = 1000 V and ¢, = 100 (ce-
ramics based on titanium oxide [15]) can be realized for a wavelength range from 1 to
0.1 mm and periods / from 64 to 4 um. Currently the fabrication technology for such
structures is mature and has been used for multiple parallel slow-wave structures fab-
rication in backward-wave tubes. The fabrication technologies include electro-erosion
machining, cold forming, photolithography, electron and X-ray lithography, vacuum and
plasma deposition. The slow-wave structures fabrication of vacuum electron tubes re-
quiring nanoscale precision is performed by ion beam lithography in combination with
nanoforming [21]. In order to realize the described devices in submillimeter and infrared
wave ranges, an electron beam should be as thin as 0.04 mm. Such electron beams prac-
tical realization is possible using an array type [22] or slot type L-cathode [23], which
allow for uniformly distributed and stable electron emission with high current density
at comparatively low field intensity.

3. Conclusions

In this work, we have developed and evaluated a generalized approach to experimental
modeling of Cherenkov radiation and diffraction radiation on periodic metal-dielectric
structures in a millimeter wavelength range. The approach and experimental setup were
used to estimate electromagnetic properties of such structures avoiding heavy compu-
tations, which are often not feasible. It can also be concluded that the developed setup
is suitable and has a good accuracy for predicting performance of different complicated
structures. The experimental data have been compared with the numerically obtained
data. Apart from that, the approach has some drawbacks. For example the radiation
power cannot be predicted as well as the electron efficiency and nonlinear effects, if
the electron beam in the system is not considered. The performance estimation and re-
alizability with traditional and new technological processes for planar metal-dielectric
structures are discussed. The structures have a great potential benefit for new vacuum
tubes modifications such as orotrons and backward wave oscillators in a submillimeter
and infrared wave range.
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